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ABSTRACT
ESTIMATION OF PRIMARY PRODUCTION AND 
CARBON FLUX IN ANTARCTIC COASTAL WATERS: A 
MODELING STUDY
Hae-Cheol Kim  
Old Dominion University, 2004 
Director: Dr. Eileen E. Hofmann
This study presents results from models that are designed to simulate the underwater 
light field, to simulate phytoplankton primary production, and to estimate the fate 
of phytoplankton carbon in continental shelf waters of the west Antarctic Peninsula 
(WAP) and Ross Sea. Simulation of the underwater light field required derivation of 
new coefficient sets for power function-type cloud cover correction algorithms, which 
were found to be influenced by multiple reflections between the bottom  of clouds 
and the surface. The coefficient sets indicate that the spectral effect of clouds on the 
properties of the surface irradiance was spectrally-neutral for wavelengths greater 
than 330 nm. The regional dependency of the newly-derived coefficient sets provide 
an approach for developing general cloud cover correction algorithms for Antarctic 
coastal waters. Next, a bio-optical production model that was forced with the sim­
ulated surface irradiance fields, corrected for cloud conditions, and the simulated 
underwater light field was used to estimate primary production and subsequent car­
bon flux at several sites along the western Antarctic Peninsula and in the Ross Sea. 
The parameterizations used in the bio-optical production model included depth- 
dependent photosynthesis-irradiance relationships that involved different patterns 
of diel variation. Sensitivity studies showed simulated primary production estimates 
were increased by up to 130% when photosynthetic parameters with a diel period­
icity were used in the production model. Inclusion of spectrally-resolved quantum 
yields increased primary production estimates by as much as 300%, relative to a 
reference simulation that used constant parameters. The fate of newly-produced 
phytoplankton carbon obtained from simulations for the WAP and Ross Sea was in­
vestigated using budget calculations that included the effects of grazing, advection, 
and sinking. For the western Antarctic Peninsula region, horizontal (across-shelf
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component) advection is the dominant process controlling primary production car­
bon in the outer-shelf areas in all seasons. Depending on season, advection can 
remove up to 40% of the phytoplankton carbon in the shelf waters. Grazing, how­
ever, is as important as across-shelf advection during the summer and can be an 
order of magnitude greater in inner shelf waters than in mid- and outer-shelf waters. 
Sinking is also a dominant process that can remove up to 6% of primary produc­
tion carbon, except in the austral winter season. Similar calculations for the Ross 
Sea show that zonal advection is the dominant process controlling phytoplankton 
primary production carbon (up to 57%) in the outer-shelf regions in all seasons. 
Grazing is an important removal process in the summer in the inner- and mid-shelf 
areas of Ross Sea continental shelf waters, but was found to be less of a control 
relative to advective removal. Sinking is also an important process for removing 
phytoplankton carbon, with 20% and 220% of the daily primary production being 
removed by this process in the summer and winter, respectively. The results of car­
bon budgets show that advective processes provide a  dominant control on the fate of 
primary production, which suggests that primary production estimates for Antarctic 
coastal waters should be based on observational studies or models that incorporate 
circulation as well as biological processes.
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1CHAPTER I 
INTRODUCTION
Knowledge of the rate of fixation of inorganic carbon by phytoplankton is an 
integral part of studies of the oceanic food webs and of the oceanic carbon cycle 
(P latt et al., 1990). As environmental concerns about global warming increase, 
the importance of the fundamental role of phytoplankton in removing atmospheric 
CO2 through the “biological pump” has received much attention. The Southern 
Ocean is an important component in this regard because of its size, location, and 
physicochemical characteristics. The Southern Ocean, defined as the body of water 
south of 60°S, contributes 10% of the world ocean surface area, is linked to most 
of the major ocean basins, and plays an important role in deep ocean ventilation, 
bottom  water formation and air-sea gas exchange (Karl, 1991). The Southern Ocean 
is also known as a major surface ocean repository of underutilized macronutrients.
- Accurate assessments of large-scale marine primary productivity are impossible 
to acquire from ship-based studies, and the available observations are characterized 
by low spatial and temporal resolution. This is especially true for the polar oceans, 
such as the Southern Ocean, where accessibility is restricted due to the existence of 
sea ice and rough weather conditions. As a result, marine primary production data 
are regionally sparse for the Southern Ocean.
Marine primary production is a function of three major factors: 1) irradiance that 
initiates the photosynthetic process of phytoplankton cells; 2) chlorophyll biomass 
of phytoplankton cells participating in the photosynthetic activity, and 3) the pho- 
tophysiological state of the phytoplankton cells. Thus, successful assessment of large 
spatio-temporal scale marine primary production is dependent on estimation of these 
three factors. In this study, these three factors are determined for continental shelf 
waters of the west Antarctic Peninsula (WAP) and Ross Sea regions in the Antarctic 
(Fig. 1) with the overall goals of: 1) establishing a model framework for simulating 
primary production in Antarctic coastal waters; 2) estimating marine primary pro­
duction in the two regions, and 3) determining the factors that control the fate of 
primary production in the two regions.
The first part of this research' is directed at simulating the irradiance that initiates
This dissertation follows the style of Deep-Sea Research I.
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Fig. 1. Map showing continental shelf waters of the west Antarctic Peninsula (WAP) 
and Ross Sea study regions. The dots in the two enlarged boxes show the distribution 
of sampling sites that provide the data sets used for development, implementation 
and verification of the bio-optical production model. Geographical names mentioned 
in the text are identified and are abbreviated as: SSI-South Shetland Islands, LI- 
Livingston Island, BS-Bransfield Strait, CP-Croker Passage, GS-Gerlache Strait, 
ADI-Adelaide Island, BSS-Bellingshausen Sea, ALI-Alexander Island, TNB-Terra 
Nova Bay, MS-McMurdo Sound, and RIS-Ross Ice Shelf, respectively.
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3photosynthesis. Radiative transfer (RT) models provide an approach for obtaining 
the light arriving at the sea surface under specific meteorological conditions (Leckner, 
1978; Justus and Paris, 1985; Bird and Riordan, 1986; Green and Chai, 1988; Gregg 
and Carder, 1990). The RT models are, however, based on an assumption of a 
clear sky, so it is necessary to account for the effect of cloud cover, which dominates 
over other meteorological factors in controlling irradiance. A limited number of 
studies provide empirically-derived correction functions to correct for the effect of 
cloud cover on surface irradiance (Laevastu, 1960; Tabata, 1964; Reifsnyder and Lull, 
1965; Reed, 1977; Kasten and Czeplak, 1980; Dobson and Smith, 1988; Antoine and 
Morel, 1996; Antoine et al., 1996). Cloud cover affects not only the quantitative 
solar energy but also the spectral properties of the irradiance, especially in the short 
wave ultraviolet (UV) region (Spinhirne and Green, 1978; Nann and Riordan, 1990; 
Schafer et ah, 1996; Seckmeyer et ah, 1996; Bartlett et ah, 1998; Siegel et ah, 1999). 
Thus, the persistent cloud cover of the Antarctic (Lubin et ah, 1992) potentially has 
many effects on the properties of light arriving at the sea surface. However, none of 
the cloud cover correction functions are appropriate for high latitude regions, such as 
the WAP and Ross Sea. Therefore, the first objective of this research is to  d ev e lo p  
c lo u d  cover co rrec tio n  a lg o r ith m s for s ite s  in  th e  A n ta r c tic  th a t  ca n  b e  
u sed  w ith  a R T  m o d e l to  s im u la te  th e  in te n s ity  an d  sp ec tra l sh a p e  o f  th e  
irrad ian ce arr iv in g  a t th e  sea  su rface (Fig. 2). A second related objective is to  
d ete rm in e  th e  sp ec tra l effect o f  th e  c lo u d s on  th e  su rface irrad ian ce  for  
s ite s  in  th e  A n ta rc tic .
The surface solar irradiance provides the initial value for estimating the under­
water light field, which is important for estimating primary production. There have 
been recent studies that constructed underwater light fields in Antarctic coastal wa­
ters based on the bio-optical properties of marine constituents (Mitchell and Holm- 
Hansen, 1991b; Fenton et al., 1994; Tilzer et al., 1994; Arrigo et al., 1998a; Figueiras 
et al., 1999; Dierssen and Smith, 2000; Bracher and Tilzer, 2001; Figueroa, 2002). 
However, the limited availability of bio-optical measurements are not sufficient to 
develop a general bio-optical model for Antarctic coastal waters. The third objec­
tive of this study is to  d ev elo p  and  im p lem en t a  b io -o p tic a l m o d e l (Fig. 2) 
th a t  can  b e  a p p lied  to  co n tin en ta l sh e lf  w a ters  in  th e  W A P  a n d  R o ss  S ea  
reg io n s.
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Fig. 2. Schematic flow chart of the combined model structure used in this study. The 
dashed lines indicate the solar irradiance and bio-optical primary production models 
and the dotted lines indicate inputs to these models. The solid-line boxes indicate 
analyses that are done using the results from the bio-optical primary production 
model.
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5The simulated underwater light field is combined with a model of the photophys- 
iological state of the phytoplankton to estimate marine primary production. The 
photophysiological state of the phytoplankton can be obtained from laboratory-based 
experiments and/or empirical parameterizations (e.g. Tilzer et a l ,  1986; Arrigo et 
al., 1998c; Smith and Baker, 1998; Dierssen et al., 2000). Recent studies of the pho- 
tophysiology of phytoplankton communities in the WAP (e.g. Claustre et al., 1997; 
Moline and Prezelin, 1996) and Ross Sea (e.g. Rivkin and Putt, 1987; Van Hilst 
and Smith, 2002) show differences in photosynthetic efficiencies, carbon partitioning 
by algal groups, and seasonal and spatial differences in photosynthetic parameters. 
In particular, the diel patterns of photophysiological variations result in noticeable 
differences in estimated daily primary production in the WAP (Moline and Prezelin, 
1997) and Ross Sea (Rivkin and Putt, 1987). The fourth objective of this study is 
to  a ssess  th e  effect o f  tem p o ra l, sp ectra l an d  sp a tia l v a r ia tio n s in  p h o to ­
s y n th e tic  p aram eters on  e s t im a te s  o f  m arin e p rim ary  p ro d u c tio n .
The WAP and Ross Sea regions, which are Antarctic coastal regions, differ in 
environmental structure and biological production. The WAP is greatly influenced 
by sub-surface inputs of Circumpolar Deep Water (CDW) that occur in response to 
meanders of the Antarctic Circumpolar Current (ACC), which flows along the edge 
of the continental shelf of the region (Hofmann and Klinck, 1998a,b; Smith et a l ,  
1999; Prezelin et al., 2000). The presence of CDW  on the WAP continental shelf 
affects the phytoplankton community assemblage and primary production (Prezelin 
et al., 2000, 2004). The WAP region is also characterized by high concentrations of 
Antarctic krill (Euphansia superba) which exert a heavy grazing pressure on resident 
phytoplankton communities.
The environmental structure and biological production of Ross Sea is also affected 
by inputs of CDW (Dinniman et al., 2003), but the extent of the influence is not as 
great as for the WAP. The Ross Sea is characterized by large seasonal variations in 
winds, sea ice cover, phytoplankton biomass and particulate fluxes to depth (Smith 
et al., 2000b). In particular, the Ross Sea polynya, which is a region of open water 
that forms in the sea ice in October and November (Smith and Asper, 2001), is 
characterized by some of the highest phytoplankton biomass and primary produc­
tion in the Southern Ocean (Comiso et al., 1993; Smith and Gordon, 1997; Arrigo 
et al., 1998a). Unlike the WAP region, grazers such as Antarctic krill are not domi­
nant, but rather crystal krill (Euphausia crystallorophias) (Mackintosh, 1934; John,
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61936; Marr, 1956; Lomakina, 1964; Smith and Schnack-Schiel, 1990; Pakhomov and 
Perissinotto, 1996) and mesozooplankton, such as copepods, are the primary herbi­
vores (Smith and Schnack-Schiel, 1990; Pakhomov and Perissinotto, 1996). Thus, 
the fifth research objective is to  e s t im a te  th e  p h y sica l an d  b io lo g ica l fa cto rs  
th a t  co n tro l th e  fa te  o f  p h y to p la n k to n  ca rb o n  b io m a ss in  th e  W A P  and  
R o ss  S ea  reg ion s. This portion of the study is done by constructing box models 
of the carbon budget for the two regions that use as input the primary production 
estimates from the bio-optical production model (Fig. 2).
The following chapter provides background information on cloud cover correction 
algorithms, radiative transfer models, and the environmental and biological structure 
of the WAP and Ross Sea. Chapter III discusses the methods used in developing and 
implementing the radiative transfer model, the cloud cover correction algorithms, 
the bio-optical production model, and the box models for the WAP and Ross Sea. 
The results of the models are discussed in Chapter IV, and Chapter V provides a  
discussion of the results that places them in the context of other studies done in 
the WAP and Ross Sea. The conclusion and recommendations from this study are 
presented in Chapter VI.
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7CHAPTER II 
BACKGROUND
II. 1 CLOUD EFFECTS ON SPECTRAL PROPERTIES OF IRRADI­
ANCE
The spectral attenuation and modification of solar irradiance by clouds has been 
attributed to several processes (Fig. 3). For clear sky conditions (pathway A) there 
is no modification to the spectral content of the solar irradiance. When clouds 
are present, part of the downwelling solar irradiance is reflected off the top of the 
clouds back into space (pathway B). Because the color of clouds is determined by 
the reflected irradiance and clouds are generally white or fight gray in color, this 
process (pathway B) is spectrally neutral and simply decreases the magnitude of the 
downwelling irradiance. However, part of this reflected irradiance is then scattered 
back towards the Earth’s surface by atmospheric constituents. The scattering is 
greater at short (blue) wavelengths than at long (red) wavelengths. As a result, 
the spectral quality of the downwelling irradiance is shifted to shorter wavelengths, 
compared to clear sky conditions. However, when the effect of cloud droplets is 
included clouds give a different spectral signature. As numbers of cloud droplets 
increase, absorption of irradiance increases in the infrared portion of the visible 
spectrum. Hence, absorption of longer wavelength irradiance increases.
Irradiance passing through a spectrally neutral cloud (pathway C) is not altered. 
However, if multiple scattering occurs inside the cloud due to the presence of con­
stituents, such as water, gas molecules or aerosols, which have different absorption 
and scattering characteristics (Bartlett et al., 1998), then the spectral quality of the 
irradiance leaving the cloud can be altered.
Downwelling irradiance that passes through the cloud and reaches the Earth’s 
surface is then reflected (pathway D) with a reflectivity determined by the ground 
albedo. If the resultant upwelling irradiance is then reflected off the bottom surface of 
spectrally neutral clouds, the spectral shape of th e reflected downwelling irradiance 
differs from the direct irradiance because of the effect of the ground albedo (Spinhirne 
and Green, 1978) and the scattering that occurs along the pathway of the reflected 
irradiance (Bartlett et a l ,  1998). Multiple reflection between the ground surface and 
the bottom  of clouds is important especially for a highly reflective surface (Nann
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Fig. 3. Schematic diagram showing different pathways by which solar irradiance 
reaches the Earth’s surface and is reflected: (A) irradiance under the clear sky; (B) 
irradiance scattered by atmospheric constituents; (C) irradiance trapped by clouds, 
and (D) multiple reflection irradiance between the bottom of the cloud and the 
ground. For spectrally neutral clouds only pathway C modifies the spectral quality 
of the irradiance. For spectral clouds, all pathways, except A, modify the spectral 
quality of the irradiance.
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9and Riordan, 1990) and can increase the measured global solar radiation by a factor 
of two or more in overcast conditions (Gardiner, 1987).
The multiple reflection of irradiance between clouds and a snow or ice surface can 
vary the shortwave surface irradiance significantly, often doubling the downwelling 
irradiance relative to an open ocean surface (Gardiner, 1987). Moreover, sea surface 
albedo is greatest in the shortwave part of the visible spectrum, which provides an 
additional enhancement of the short wavelength visible energy. Other factors that 
potentially alter the shape of the downwelling irradiance are cloud type (Chen et al., 
2000), horizontal cloud distribution (Ricchiazzi and Gautier, 1998), and microphys­
ical properties of clouds (Saxena and Ruggiero, 1990). The processes combine to 
produce an irradiance spectrum that is enhanced at short wavelengths. The altered 
spectral shape of the solar irradiance spectrum under cloudy sky conditions is an im­
portant factor controlling marine primary production and possibly radiant heating 
of the upper layers of the ocean (Siegel et al., 1999).
II.2 CLEAR SKY RADIATIVE TRANSFER MODELS AND CLOUD 
COVER ALGORITHMS
Simple RT models, such as SPECTRAL2 (Bird and Riordan, 1986), assume that 
the attenuation of extraterrestrial solar irradiance in the atmosphere results from 
major atmospheric constituents that are relatively invariant. Information on the 
effect of these atmospheric constituents along with knowledge of the astronomical 
change in the position of the Earth are all that is needed to obtain simulations of 
solar irradiance at specific locations. Therefore, the application of simple RT models 
can provide estimates of the surface-arriving irradiance under specific meteorological 
conditions for remote locations and large regions of the ocean. However, if the needed 
meteorological observations are not available, RT models can be implemented using 
standard atmospheric values that represent average meteorological conditions for a 
given area (Davis, 1995).
The RT models assume clear sky conditions. Therefore, it is necessary to take 
into account the effect of cloud cover in order for the RT models to simulate correctly 
the surface irradiance for a region. The attenuation of the irradiance by cloud cover 
is larger than by any other meteorological parameter, and it is often approximated 
by modeling the effect of monthly- or seasonally-averaged cloud cover amounts. The 
irregular space and time distribution of clouds makes quantification of their impact
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Table 1
Equation, source and area of application for the nine cloud cover correction algo­
rithms used in this study with the clear sky RT model. The fractional change in 
irradiance is computed from the irradiance from the clear sky model, E m, and the 
irradiance after correction, E c. Both values are in W  m-2 . Parameters input to the 
algorithms are cloud tenths (Cten), cloud oktas (C0fet), solar elevation (a), and the 
fraction of the total radiation in the photosynthetically active radiation range (FViS)
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over a shorter times, such as diurnal, difficult.
A limited number of studies have developed empirical algorithms to correct clear 
sky irradiance values for the effect of cloud cover (Laevastu, 1960; Tabata, 1964; 
Reifsnyder and Lull, 1965; Reed, 1977; Kasten and Czeplak, 1980; Dobson and Smith, 
1988; Antoine and Morel, 1996; Antoine et al., 1996). These empirical algorithms 
(Table 1) were derived from fractional cloud cover estimated from observations that 
were based on horizontal (two-dimensional) approximations of cloud cover. However, 
the three-dimensional morphology of clouds is known to affect the sea surface arriving 
irradiance (Ricchiazzi et al., 1998; O’Hirok and Gautier, 1998a,b; Ricchiazzi and 
Gautier, 1998). The differences between irradiance obtained with a RT model that 
uses a  two-dimensional cloud cover correction algorithm and observed irradiance may 
be due to the three-dimensional nature of the clouds. As shown in Fig. 3, clouds 
affect the magnitude and spectral properties of irradiance.
Implementation of a three-dimensional RT model requires input of the vertical 
structure of atmospheric properties and constituents, such as air temperature, air 
density, ozone, aerosols and clouds, with the latter two being most important. Data
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for implementation of a RT model typically is from either land-based or ship-based 
observations with limited space and time resolution. These observations are typically 
not three-dimensional which is why the two-dimensional approaches are used. In high 
latitude regions, such as the ones used in this study, the prevalence of stratus clouds 
and the scarcity of vertically developed convective clouds decreases the importance 
of the three-dimensional cloud effects (Ricchiazzi et al., 1998) on surface irradiance. 
Thus, the application of a two-dimensional RT model with appropriate cloud cover 
correction algorithms is warranted.
II.3 WEST ANTARCTIC PENINSULA REGION
II.3.1 Hydrography and Circulation
The WAP region encompasses an area of 22,000 km2 that reaches from the tip of 
the Antarctic Peninsula to Alexander Island and extends from the coastal waters ad­
jacent to the Peninsula to the oceanic waters offshore of the shelf break (Fig. 1). The 
water mass structure and circulation patterns of the WAP continental shelf waters 
have been studied since the 1930s. The first investigation around this area was done 
as part of the R /V  D iscovery  Investigations (Clowes, 1934). Little was added to 
the results of this investigation until 1970s when the International Southern Ocean 
Studies (ISOS) program (Neal and Nowlin, 1979) provided hydrographic measure­
ments of the shelf waters north of South Shetland Islands and inside Bransfield Strait 
(Gordon and Nowlin, 1978; Sievers and Nowlin, 1984). The First International Bio­
logical Investigations of Marine Antarctic Systems and Stocks Experiment (FIBEX) 
in 1980s provided more extensive coverage of the Bransfield Strait, but hydrographic 
measurements were limited to the upper 200 m (El-Sayed, 1994). These studies did 
not include the waters to the west and south of Antarctic Peninsula. The Sec­
ond International Biological Investigations of Marine Antarctic Systems and Stocks 
Experiment (SIBEX) and German oceanographic research studies added more ob­
servations of Antarctic Peninsula that includes north and south of Anvers Island 
(Stein, 1992). Research on Antarctic Coastal Ecosystem Rates (RACER) program 
provided coverage to the west of Bransfield Strait and in the Gerlache Strait (Niiler 
et a l ,  1991). The hydrographic and current structure of the waters west of the 
Antarctic Peninsula has been studied as part of the Palmer Long Term Ecological 
Research program was established in 1991 (Hofmann et al., 1996).
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The vertical distribution of the temperature and salinity in the WAP shelf wa­
ters show that Antarctic Surface Water (AASW) and its end member Winter Water 
(WW) dominate waters above 100-150 m (Smith et al., 1999). The AASW  is de­
fined by a minimum temperature (-1.0 to -1.8°C) at salinities of 34.0 (Hofmann and 
Klinck, 1998b), and the core of the AASW, which is the only part of AASW  that 
remains the same regardless of season, is referred to as WW which is characterized 
by temperature of -1.5°C at salinites of 34.0 (Hofmann and Klinck, 1998b). This 
W W  is used as a reference for oxygen, heat, and salt budget calculations due to its 
stable feature. Modified Circumpolar Deep Water (MCDW), which is cooled and 
freshened version of Upper Circumpolar Deep Water (UCDW), is located below the 
permanent pycnocline (Smith et al., 1999). Temperatures greater than 1.6°C, which 
correspond to UCDW, are found along the outer continental shelf in the southern 
and northern portions of the WAP (Smith et al., 1999). This indicates that CDW  
is present and inputs of this water to .the WAP continental shelf are episodic and 
occur at intervals determined by the meander frequency of the ACC (Hofmann and 
Klinck, 1998b). The position of the ACC relative to the shelf break is variable and 
the timing and duration of shifts in the location of the ACC occur at irregular inter­
vals (Klinck, 1998). The overall circulation pattern over the WAP continental shelf 
is clockwise (Stein, 1992; Hofmann et al., 1996; Smith et al., 1999; Dinniman and 
Klinck, in press). The outer portion of this circulation is provided by the northeast­
erly flowing ACC; whereas, the inner portion is provided by the southward coastal 
flow (Hofmann et al., 1996).
11.3.2 Phytoplankton Distribution
Studies of the Southern Ocean, marginal ice edges and nearshore coastal sites 
have suggested that variability in phytoplankton biomass, community composition 
and/or primarj'' production of these waters result from the combined effects of water 
column stratification, temperature, light regulation, and macro- and micronutrient 
limitation (Smith and Sakshaug, 1990; .Mitchell and Holm-Hansen, 1991b; Sakshaug 
et al., 1991; Treguer and Jacques, 1992; Prezelin et al., 1994; de Baar et al., 1995; 
Bidigare et al., 1996; Moline and Prezelin, 1996, 1997, 2000; Prezelin et al., 2000). 
Unlike the generally low standing crop of phytoplankton in oceanic regions, elevated 
biomass levels are reported from the inshore waters of the WAP (El-Sayed, 1988). 
Phytoplankton growth and accumulation in the WAP continental shelf waters are
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influenced by the light regime and mixing conditions (Mitchell and Holm-Hansen, 
1991b; Mitchell et al., 1991; Nelson and Smith, 1991), low respiration (Tilzer and 
Dubinsky, 1987; Sakshaug et a l ,  1991), grazing pressure (Boyd et al., 1984; Schnack, 
1985; Huntley et al., 1991), micronutrient limitation and inputs (Buma et al., 1991; 
Martin et al., 1990; de Baar et al., 1995; Sedwick and DiTullio, 1997; Boyd et al., 
1999; Sedwick et al., 2000), and sinking (Bodungen et al., 1986; Karl et al., 1991).
Bidigare et al. (1996) summarized phytoplankton distribution and abundance 
near Livingston Island, South Shetland Islands (cf. Fig. 1) obtained from the XXVI 
Chilean Expedition during February 1990, and the austral spring Icecolors ’90 
cruise to the Bellingshausen Sea. They found the largest contribution from net- 
phytoplankton in coastal waters of the South Shetland Islands, and that from nano­
phytoplankton in Drake Passage waters. During Icecolors ’90, elevated chlorophyll 
concentrations, composed primarily of Phaeocystis spp., were associated with the 
marginal ice-edge zone (MIZ); whereas, diatoms were more abundant and were dis­
tributed throughout the open water within 150 km of the ice edge.
Varela et al. (2002) summarized the results from two Spanish cruises (FRUELA 
95/96) to the northern part of the Antarctic Peninsula. Large diatoms (>  10 ^m) 
were dominant around Gerlache Strait and shelf break region of Bellingshausen 
Sea area (cf. Fig. 1). The central part of Bransfield Strait and the confluence 
with Gerlache Strait were dominated .by largely small-sized cells (<  10 pm ) such 
as Phaeocystis and Cryptomonas. Throughout the Bellingshausen Sea low phyto­
plankton biomass (10 mg Chi m-2), dominated primarily by small cells (<  10 pm ) 
such as microflagellates, dinoflagellates and small diatoms, was observed. However, 
Phaeocystis was found in water column and ice edge blooms in Gerlache Strait and 
Bransfield Strait (Garrison and Buck, 1985; Garrison et al., 1987). Phaeocystis was 
also the main component of phytoplankton blooms along the shelf break region of 
Bellingshausen Sea (Fryxell and Kendrick, 1988; Scharek et al., 1994; Bidigare et al., 
1996).
The taxonomic influence on the distribution of chlorophyll a  in WAP continental 
shelf waters has recently been studied (Moline and Prezelin, 2000). For coastal wa­
ters of the WAP, Moline and Prezelin (2000) show that the recurrent dominance of 
surface cryptophyte populations during the summer months significantly increased' 
the proportion of chlorophyll a in the upper water column. Moreover, these or­
ganisms were responsible for the highest variability within and between years. The
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restriction of cryptophytes to the surface waters is thought to be due to a combi­
nation of their motility allowing them to stay in the euphotic zone in spite of the 
vertical mixing, and their apparent preference for lower salinity environment during 
summer when the fresh melting water is abundant.
Intrusions of UCDW onto the WAP shelf and subsequent upwelling, promote 
site-specific diatom-dominated communities among pre-existing phytoplankton com­
munities not dominated by diatoms (Prezelin et al., 2000). Prezelin et al. (2000) 
suggested that the intrusions are an important controlling factor on the growth of 
diatoms, and without the episodic intrusions and upwelling of UCDW, the growth 
requirements for elevated silicate/nitrate ratios and other upwelled constituents such 
as trace metals are not met for diatom community dominance. Phaeocystis is an­
other species showing site-specific dominance with shallow topography, and areas of 
the WAP that are not typically affected by UCDW intrusions (Prezelin et al., 2000).
II.4 ROSS SEA
II.4.1 Hydrography and Circulation
The seasonal advance and retreat of sea ice in the Ross Sea shows considerable 
interannual variability. Between May and September, the Ross Sea is about 86% 
covered by sea ice with the remainder of the year showing varying levels of open 
water and sea ice (Jacobs and Comiso, 1989). In November and December, a polynya 
occurs in the southern Ross Sea, and this region of open water expands to the north 
by January, with sea ice remaining to the east. By February portions of the Ross 
Sea away from the coasts and ice shelf can be ice free (Marra, 1996).
In early spring, low-salinity shelf water (LSSW, -1.89 to -1.7°C and 34.4-34.7) is 
concentrated over the central (175°E and 180°) and eastern part of the Ross Sea 
shelf, with a small intrusion of the warmer MCDW (>  -1.8°C and 34.5-34.7) onto 
the eastern part of the Ross Sea shelf. High-salinity shelf water (HSSW, -1.89 to 
-1.8°C and 34.7-34.8) is present west of 172°E (Jacobs and Giulivi, 1998). Ice shelf 
water (ISW, -2.0 to -1.89°C and 34.6), which is.cooled below the freezing point at 
one atmosphere and is slightly fresher tlian HSSW, is found in a thin layer at 500 
m on the west of the Ross Sea continental shelf (Gordon et al., 2000). The warmer 
and fresher surface waters start forming AASW  (-1.0 to -1.8°C and 34.0) from east 
to west in November-December. During the austral summer, as a result of surface
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warming and ice melting, AASW  is the dominant water mass in the Ross Sea shelf 
area with HSSW remaining in the western basin, and with the lowest salinities being 
at the extreme eastern extent of the region. In autumn, rapid cooling and freezing 
of the surface waters cause intense vertical mixing with increasing salinity (Zwally 
et al., 1983) and deepening of mixed layer depth (Gordon et al., 2000). The persistent 
MCDW at depth of 100-300 m near 175°E and at eastern end of the region is most 
striking in the autumn (Gordon et al., 2000). Jacobs and Giulivi (1998) described 
a similar, persistent intrusion at 175°W suggesting that the position is controlled 
by local topographic elevations. The presence of ISW below 400 nr was consistent 
during all seasons (Gordon et al., 2000).
The general circulation in Ross Sea surface waters shows clockwise (cyclonic) 
movement with a slow southward flow in the central and eastern part of the Ross 
Sea (Pillsbury and Jacobs, 1985), which is altered by topography (Jaeger et al., 
1996). Using a few long-term current meter records, Locarnini (1994) constructed a 
schematic of the subsurface flow in the Ross Sea which shows two anticyclonic gyres 
connected by a central cyclonic gyre. The western gyre ends at around 176°W and 
the eastern gyre begins at around 172QW.
According to Jaeger et al. (1996), the Ross Sea water mass distributions suggest 
that flow can be separated into three vertical compartments: a surface (<  100 m), 
seasonally variable mixed layer, an intermediate region from 100 to 500 m, and a 
bottom region that is constrained to the basins (>  500 m). W ithin the upper water 
column (<  100 m), flow is toward the west along the ice shelf front at speeds up 
to 1.5 m s-1 , driven by northward and northwestward winds blowing off the ice 
shelf (Zwally et al., 1985). Surface flow into McMurdo Sound (Fig. 1) is thought 
to be cyclonic, with a northward flow along the western side (Dunbar et al., 1989). 
Surface ice movements show weak flow to northwest (Moritz, 1988). Flow at depths 
of 100-500 m varies, as indicated by a number of water masses. MCDW flows 
southward from the continental slope toward the ice shelf from 170°W to 175°E 
(Jacobs et al., 1970). Near 180°, ISW moves northward (Jacobs et al., 1970; Pillsbury 
and Jacobs, 1985). The direction of MCDW and ISW  near the ice shelf is influenced 
by bathymetry (Pillsbury and Jacobs, 1985). Maximum speed was 28-42 cm s-1 at 
250 m near 175°W and flow near the central ice front was 6 to 10 cm s-1 , indicating 
that the flow is driven by the thermohaline circulation rather than by wind (Jaeger 
et al., 1996). West of 175°E, flow throughout the water column below 100 m is
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dominated by the northward and northeastward flow of very dense HSSW (Jacobs 
et al., 1970). Currents within this depth are predominantly thermohaline and not 
wind driven. Flow within deep basins (>  500 m) is controlled largely by bathymetry 
(Pillsbury and Jacobs, 1985) and is characterized by speeds of <  10 cm s-1 .
II.4.2 Phytoplankton Distribution
Phytoplankton blooms in the Ross Sea are massive and seasonal (Smith and 
Nelson, 1985; Arrigo and McClain, 1994; Arrigo et al., 1998b; Smith et al., 2000b) 
and are characterized by primary productivity rates (e.g. 3.94 g C m-2 d-1 ) that 
are four times higher than other pelagic regions of the Southern Ocean (Arrigo 
et al., 1998c). Initiation of phytoplankton growth occurs in late October (Smith 
and Gordon, 1997) and growth rates and biomass accumulation reach a maxima in 
December (Arrigo and McClain, 1994; Smith et a l ,  1996b, 2000b). Growth rates 
decline markedly in mid-December; whereas, biomass accumulation continues till 
early January, which indicates temporal uncoupling between growth and biomass 
accumulation (Smith et al., 2000a).
The eastern and western portions of the southern Ross Sea are considered to 
be diatom-dominated regions (Leventer and Dunbar, 1996; Sweeney et al., 2000). 
Diatom assemblages in the west portion of the southern Ross Sea are largely com­
posed of Fragilariopsis spp. and Thalassiosira spp. (El-Sayed et al., 1983; Smith and 
Nelson, 1985; Leventer and Dunbar, 1996). A diatom bloom associated with the 
receding ice edge in the western Ross Sea was found to be dominated by Nitzschia 
curta (Wilson et al., 1986; Nelson and Smith, 1986). The south-central region of the 
Ross Sea tends to be dominated by Phaeocystis w ith the highest measured primary 
production rate (216 g C m-2 yr-1 ) in the Ross Sea shelf area (DiTullio and Smith, 
1996; Nelson et al., 1996; Arrigo et al., 1999). The northern Ross Sea has the low­
est primary production rate (91 g C m-2 yr-1 ) with diatoms being the dominant 
species (Nelson et al., 1996). Sediment traps in the eastern part of the southern Ross 
Sea show mainly loose aggregates which implies that grazing on Phaeocystis phyto­
plankton communities is low. Sediment traps from the southwest Ross Sea collected 
large numbers of intact fecal pellets, implying grazing pressure on diatoms is higher 
than on Phaeocystis. Diatoms are believed to be heavily grazed by mesozooplankton 
(DiTullio and Smith, 1996); whereas, Phaeocystis is grazed by microzooplankton at
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very low rates (Caron et al., 2000). Both diatoms and Phaeocystis play an impor­
tant role in vertical flux of carbon (Nelson et al., 1996). However, Phaeocystis is 
also thought to be remineralized (Smith and Dunbar, 1998) although its aggregation 
characteristics result in these cells sinking rapidly and episodically (DiTullio et al., 
2000 ).
Unlike the WAP, the Ross Sea ecosystem is unique in terms of phytoplankton ecol­
ogy because of the east-west gradient in phytoplankton community structure. The 
effect of horizontal advection appears to be not as strong as that in the WAP. How­
ever, Terra Nova Bay is strongly influenced by katabatic wind forcing that controls 
surface current intensity and direction (Arrigo et al., 1999), and sea ice coverage has 
been suggested as being critical environmental determinant of phytoplankton growth 
in the Ross Sea. The Ross Ice Shelf area is dominated by Phaeocystis antarctica; 
whereas, the MIZ area in the western part of the southern Ross Sea is dominated 
by diatoms (Smith and Nelson, 1985; Arrigo et al., 1999).
II.5 PRIMARY PRODUCTION IN THE WEST ANTARCTIC 
PENINSULA AND ROSS SEA
Primary production in the Southern Ocean is variable (Sullivan et al., 1993; Ar­
rigo et al., 1998c; Bathmann et al., 1998) and is thought to be controlled by light 
as determined by mixing (Priddle et al., 1986; Mitchell and Holm-Hansen, 1991b; 
Mitchell et al., 1991; Nelson and Smith, 1991; Tilzer et al., 1994); temperature 
(Tilzer and Dubinsky, 1987; Sakshaug et al., 1991); grazing pressure (Boyd et al., 
1984; Schnack, 1985; Smetacek et al., 1990; Huntley et al., 1991); micronutrient limi­
tation (Buma et al., 1991; Martin et al., 1990; de Baar et al., 1995; Boyd et al., 1999; 
Sedwick and DiTullio, 1997; Sedwick et al., 2000); sinking (Bodungen et al., 1986; 
Karl et al., 1991), and UV radiation (Arrigo, 1994; Boucher et al., 1994; Neale et al., 
1994; Prezelin et al., 1994; Neale et al., 1998a,b; Prezelin et al., 1998). However, 
these controlling factors are not mutually exclusive and the combination of these 
factors may regulate spatio-temporal variability of the primary production in the 
Southern Ocean.
Most of the Antarctic waters have been characterized as having low to moderate 
primary production and low pliytoplankton biomass. However, the WAP coastal 
and continental shelf waters show considerable spatial and temporal variability in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
primary production ancl biomass (El-Sayed, 1970; El-Sayed and Teguchi, 1981; Bo- 
dungen et al., 1986; Holm-Hansen et al., 1989; Holm-Hansen and Mitchell, 1991; 
Moline and Prezelin, 1997; Figueiras et al., 1998; Basterretxea and Aristegui, 1999; 
Bracher et al., 1999; Lorenzo et al., 2002; Varela et al., 2002) as does the Ross 
Sea (El-Sayed et al., 1983; Smith and Nelson, 1985; Nelson and Smith, 1986; Wilson 
et al., 1986; Sullivan et al., 1988; Smith and Nelson, 1990; Smith et al., 1996b; Smith 
and Gordon, 1997; Saggiomo et al., 1998; Arrigo et al., 1998c; Smith et al., 2000b; 
Saggiomo et al., 2002).
Historical measurements of primary production in WAP shelf waters are mostly 
from spring and summer, and are biased by location with most data from the north­
ern portion of the region in the vicinity of the South Shetland Islands (Smith et al., 
1996a). Primary production values during the growing season (December and Jan­
uary) show a wide range of variation, 0.1-4.0 g C m -2 d-1 , depending on location. 
El-Sayed (1970) and Moline and Prezelin (1997) reported higher values (up to 6 
or 7 g C m-2 d-1 ) for the WAP. A review of phytoplankton biomass and primary 
production in the WAP (Smith et al., 1996a) gave a mean value of daily primary 
production for the WAP shelf waters of 1.17 g C m-2 d-1 , which was based on 
120-day growing season. Brightman and Smith (1989) reported low values ranging 
0.001-0.007 g C m-2 d-1 for the WAP during austral winter.
The availability of in  situ  measurements of the primary production for the Ross 
Sea is also biased by the spring and summer growing season, which is shorter than 
that for the WAP. These regional differences make it difficult to characterize the 
seasonal cycle of polar production (Smith et al., 2000b). Primary production values 
during December and January from the Ross Sea show a wide range of variation 
depending on location, ranging from 0.78 (February) to 2.63 g C m-2 d-1 (January) 
(Smith et al., 1996b). However, Smith and Gordon (1997) reported higher values 
(up to 6 or 7 g C m“2 d-1 ) of primary production in polynyas of the Ross Sea during 
austral spring. The primary production values of the Ross Sea during the winter 
season (April) were 0.02 (±0.006) g C m-2 d-1 (Smith et al., 2000b).
II.6 PHOTOSYNTHESIS VERSUS IRRADIANCE RELATIONSHIPS 
IN THE WEST ANTARCTIC PENINSULA AND ROSS SEA
Antarctic phytoplankton are believed to be adapted to low temperature and low 
light conditions. Understanding phytoplankton ecology and inherent variability in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
19
photoadaptation requires information on the ecological strategy of different species 
and their photophysiological efficiency that converts light energy to chemical energy. 
The physiological state and the adaptation of the algae to environmental conditions, 
such as light, temperature and nutrients, can be expressed in terms of quantum  
efficiency as derived from a photosynthesis versus irradiance (P vs. I) relationship 
(Stambler, 2003). Parameters derived from P vs. I relationship (P vs. I parameters) 
include P Bax (mg C mg Chi h-1 ), a measure of maximum photosynthetic capacity, 
a B (mg C mg Chi h-1 (//mol photons m '2 s-1 )"1) the initial slope of the P vs. I 
curve, which is a measure of the quantum efficiency of photosynthesis, (3B (mg C mg 
Chi h-1 (//mol photons m-2 s-1 )-1 ) the decline in photosynthesis, which is a  measure 
of the photoinhibition, and Ek (//mol photons m-2 s-1 ), the light adaptation index 
which is the light intensity required to saturate photosynthesis (Fig. 4). The P vs. I 
parameters are important indices that indicate the spatial and temporal variability in 
light-dependent phytoplankton primary production and they can be derived from the 
non-linear relationship between chlorophyll-normalized photosynthetic rate (mg C 
mg Chi h -1 ) and irradiance (//mol photons m -2 s_1). The mathematical formulations 
used to describe this non-linear relationship are varied (Webb et al., 1974; P latt and 
Jassby, 1976; Platt et al., 1980; Neale and Richerson, 1987; Zimmerman et al., 1987), 
but for conditions of photoinhibition the general form of the relationship is either 
a hypertangential or exponential function which give an increase in photosynthetic 
rate with increasing irradiance up to a maximum rate. The photosynthetic rate can 
be estimated from the simulated or in  situ  14C-uptake experiments.
II. 7 PHOTOSYNTHETIC PARAMETERS AND TEMPERATURE
The generalization of P vs. I parameters from the Southern Ocean is problematic 
because of the considerably wide range of seasonal and regional variability. Even 
within the same season, mesoscale variability of P vs. I parameters is large. Vari­
ability in P vs. I parameters in the Southern Ocean is believed to be associated 
with changes in temperature (Tilzer et al., 1986), light, nutrients (P latt et al., 1992; 
Lindley et al., 1995) and phytoplankton'community composition (Rivkin and Putt, 
1987; Claustre et al., 1997). The common approach for parameterization of P vs. I  
parameters is based on relationships that relate metabolic rates (i.e., maximum pho­
tosynthetic rate) and temperature.
Eppley (1972) suggested a relationship between temperature (T) and maximum
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Fig. 4. Idealized curve of photosynthesis versus irradiance (P vs. I) relationship. 
The x- and y  axis represent irradiance (photosynthetically available radiation) and 
chlorophyll-normalized photosynthetic rate, respectively. The maximum photosyn­
thetic rate, P Bxax, is a measure of photosynthetic capacity (mg C mg Chi h-1 ), and 
a B (mg C mg Chi h-1 (/imol photons m~2 s-1 )-1 ), the initial slope of the P vs. I 
curve, is a measure of the quantum efficiency of photosynthesis. The negative slope, 
/3B (mg C mg Chi h-1 (^mol photons m-2 s-1 )-1 ), gives the decline in photosyn­
thesis at high irradiance levels, and Ek (pm ol photons m-2 s-1 ) is a measure of
the light adaptation index (-^ig1 ), which is the light intensity required to saturate 
photosynthesis.
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specific phytoplankton growth rate (yumax, d x) of the form:
/ W  =  0.8511 • (1.066)t (1)
where T is a temperature (°C) between 2 to 40°C. The specific growth rate can be 
expressed in terms of carbon assimilation number that represents an increase of cell 
carbon per unit cell chlorophyll as:
i c  , AC
( 2 )
^  CM
where At is the time interval for cell growth, ^  is the cell carbomchlorophyll ratio, 
and is the assimilation number. Thus, a maximum photosynthetic rate (P^ax, 
mg C mg Chi h -1 ) can be calculated for a given temperature (T) using Eqs. (1) and 
(2).
The temperature-dependency of metabolic processes can be described by a re­
lationship that gives the rate of increase of the process for a specified increase in 
temperature, which is usually taken to be 10°C. Generally, metabolic rate increases 
2 to 3 times with a 10°C increase in temperature which is designated as Q io- Pho­
tosynthesis is a chemical reaction that requires energy (solar energy) to metabolize 
organic carbon, which allows Q iq relationships to be used to scale the rate for a 
range of temperatures.
Tilzer et al. (1986) reported Qio values for photosynthesis performance of phy­
toplankton from WAP waters, which were 4.2 for light-saturated photosynthesis 
(-1.5°C and 2°C) and 2.6 for light-limited conditions (-1.5°C and 5°C). Above 5°C, 
temperature enhancement of light-saturated and light-limited photosynthetic rates 
was minimal or absent. These results show that light-saturated and light-limited 
photosynthesis in Antarctic phytoplankton are temperature-dependent. Tilzer and 
Dubinsky (1987) reported Qio values of 1.4 to 2.2 for phytoplankton photosynthetic 
rates for populations near the WAP. They suggested that for the nutrient-saturated 
conditions of Antarctic waters, the temperature dependence of photosynthesis and 
algal respiration is a key factor controlling phytoplankton productivity.
II.8 ZOOPLANKTON
II.8.1 West Antarctic Peninsula
Antarctic krill is an important component of the Antarctic food web and plays a
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key role in the transfer of energy between primary producers and grazers (Marr, 1962; 
Laws, 1985). The largest known concentrations of Antarctic krill and the primary 
nursery area for larval krill are in the vicinity of the Antarctic Peninsula and in 
the confluence of currents from the Weddell and Scotia Seas (Amos, 1984; Brinton 
and Townsend, 1984; Priddle et a!., 1988). Antarctic krill contribute 75-90% of the 
zooplankton biomass in the Antarctic Peninsula region (Hopkins, 1985; Schnack and 
Mujica, 1994), and they can remove up to 20% of phytoplankton primary production 
per day (Ross et al., 1998). Sediment trap measurements indicate that Antarctic krill 
are the dominant source of sinking particles in WAP waters (Wefer et al., 1988) for 
certain regions and times (Ross et a l , 1998). The seasonal and interannual variation 
in WAP Antarctic krill populations are related to environmental factors (such as food 
supply), changes in sea ice concentration (food availability and predation pressure), 
and oceanic circulation patterns (recruitment success).
In addition to Antarctic krill, salps, especially Salpa thompsoni, are important 
grazers in WAP waters and can convert small, nonsinking particles into denser sink­
ing particles (Ross et al., 1996, 1998). Salps are herbivores, and are often associated 
with small phytoplankton cells or low standing stocks (Harbison et al., 1986). This 
species has higher growth rates than do copepods or euphausiids, and they can re­
spond quickly to better environmental conditions, which makes their grazing impact 
strong (Ross et al., 1996). The consumption of primary production by salps in WAP 
waters depends on the salp biomass, and ranges from 9% to 20% of the average daily 
primary production (Loeb et al., 1997). Siegel and Loeb (1995) found correlations 
between the WAP salp density in spring/summer and winter sea ice concentration 
and the duration of ice free conditions. They suggest that winters with no or low 
sea ice concentrations are followed by an earlier start of salp asexual reproduction 
(budding) and the time that the salp population growth can last longer. It has been 
suggested that krill and salps may be in direct competition in Antarctic Peninsula 
(Loeb et al., 1997). An increase in temperature of the WAP shelf area may be co­
incident with invasion of salps, which will influence regional carbon fluxes and food 
web structure (Loeb et al., 1997; Perissinotto and Pakhomov, 1998).
II.8.2 Ross Sea
Hopkins (1987) did a comparative study between the trophic structure of the 
McMurdo Sound region in the Ross Sea and Croker Passage on the WAP. The two
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areas have many species in common, but the biomass composition is different. The 
Croker Passage food web was dominant by Antarctic krill; whereas, that in Mc- 
Murdo Sound had much lower standing stocks of Antarctic krill. The trophic role of 
Antarctic krill and salps are less important in McMurdo Sound than in the Antarctic 
Peninsula. The principal small-particle grazers in McMurdo Sound are copepods, 
which constitute 50% of the total zooplankton biomass. The Antarctic copepods, 
Calanoides acutus, Calanus propinquus and M etridia gerlachei, which dominate the 
zooplankton assemblage in McMurdo Sound, can ingest up to  35% of their body  
weight in terms of carbon per day (Schnack, 1985). This value represents 0.21 g C 
m-2 d -1 , assuming an average copepod body mass of 2.45 g DW  m-2 and that 50% 
of the body mass is carbon (Hopkins, 1987). This is just 0.7% of the particulate 
organic carbon (POC) assuming a POC concentration of 28.7 g C m -2 (Smith and 
Nelson, 1985). Hopkins (1987) pointed that over 95% of the phytoplankton biomass 
in McMurdo Sound remains uneaten, which is supported by high accumulation rate 
of diatomaceous sediments in the Ross Sea (Smith and Nelson, 1985; Nelson et al., 
1996; Asper and Smith, 1999, 2003).
Although macrozooplankton grazers, such as Antarctic krill, are not dominant 
in the Ross Sea, crystal krill are found in the Ross Sea continental shelf waters 
(Mackintosh, 1934; John, 1936; Marr,.1956; Lomakina, 1964; Smith and Schnack- 
Schiel, 1990; Pakhomov and Perissinotto, 1996). Crystal krill are an endemic species 
of the shelf waters around the Antarctic continent (Lomakina, 1964; Pakhomov,
1989), and adult crystal krill can consume 0.3 to 5% of the total phytoplankton 
biomass depending on the presence of swarms (Pakhomov and Perissinotto, 1996).
Based on experimental work, Landry et al. (2002) showed that microzooplankton 
grazers consumed 54-95% of phytoplankton primary production in the Antarctic 
Polar Front region at 170°W. They also showed that microzooplankton can be the 
dominant consumers in the presence or absence of large diatoms. Although Landry 
et al. (2002) showed that microzooplankton are the major grazers in this area, they 
do not control phytoplankton biomass. Caron et al. (2000), however, presented 
different experimental results for microzooplankton grazing in the Ross Sea polynya. 
These results showed that microzooplankton herbivory on phytoplankton (especially, 
P. antarctica) was not significant during austral spring and summer season. They 
concluded that much of primary production in austral spring and summer is not 
consumed but rather is exported by sinking and aggregation.





The modeling framework used in this study consists of models that provide the 
underwater light field which is used as input to simulate marine primary production 
(Fig. 2). The radiative transfer model (Gregg and Carder, 1990; Bird and Riordan, 
1986) simulates the sea surface-arriving irradiance under clear sky conditions which 
is modified using empirically-derived cloud cover correction algorithms. A bio-optical 
model is used to simulate the underwater light field using the basic optical properties 
of water, chlorophyll, and colored dissolved organic matter (CDOM). The simulated 
light field is input to a  hypertangential model to simulate marine primary production. 
Inputs to these models consist of meteorological and P vs. I measurements (Fig. 2). 
Sensitivity and scale analyses for selected model variables were performed (Fig. 2) to 
determine the dominant processes controlling primary production in coastal waters 
of WAP and Ross Sea. A simple budget calculation (Fig. 2) was done to estimate 
the processes that contribute to the gain and loss of newly produced phytoplankton 
carbon in the study regions. These budget calculations used advective fields obtained 
from simulations of the circulation in the WAP and Ross Sea (Dinniman et al., 2003; 
Dinniman and Klinck, in press) that were done using the Rutgers/UCLA Regional 
Ocean Model System (ROMS). Details of the models and analyses are given in the 
sections that follow.
111.2 CLEAR SKY RADIATIVE TRANSFER MODEL
III.2.1 Model Structure
The RT model used in this study simulates spectrally-dependent solar irradiance 
for clear sky conditions (Gregg and Carder, 1990). This model is an extension of the 
continental aerosol model (Bird and Riordan, 1986), which was modified to include 
maritime aerosol properties, irradiance transmittance through the air-sea interface, 
and atmospheric absorption of light spectrum at 1-nm intervals (Gregg and Carder,
1990). The RT model includes the range of 350-700 nm, with high resolution, because 
of the importance of this part of the visible spectrum to phytoplankton growth and
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primary production (Gregg and Carder, 1990). However, this RT model does not 
include multiple scattering, which increases the effective radiation path-length at 
high latitudes in regions with snow, ice and heavy cloud cover.
In this study, the spectral range of the RT model was extended to 280 nm to 
include the ultraviolet region by using the extraterrestrial solar source function ob­
tained from the Solar Ultraviolet Spectral Irradiance Monitor (SUSIM), which is 
a dual dispersion spectrometer aboard the Upper Atmosphere Research Satellite 
(UARS). Ozone absorption cross-sections were taken from Molina and Molina (1986) 
and are based on measurements at the lowest temperature (226 I<) which reflects 
the cold Antarctic stratosphere. The temperature effect on ozone absorption cross- 
sections is significant for wavelengths longer than 280 nm (Molina and Molina, 1986). 
Also, the effects of sea surface reflectance on irradiance and the contribution of the 
direct irradiance component resulting from multiple reflections between the ground 
(or sea surface) and air were included in the RT model, as described in Bartlett et al.
E dd(0", A) =  F0(A) • cos0 • Tr(X) ■ Ta(A) • Toz{A) • T„(A) • Tw(A) • (1 -  pd) (3)
where Eqs. (3) to (6) give the direct component of downwelling irradiance 
(JE?dd(0", A)) just beneath the sea surface (0_ ) for each wavelength (A), the diffuse 
irradiance component arising from multiple ground-air interactions (Eg(A)), the dif­
fuse component of downwelling irradiance just beneath the sea surface (E ^ O - , A)), 
and the downwelling irradiance just below the sea surface (Ed(0“ , A)), respectively. 
All values are expressed in W  m-2 nm-1 . All terms and parameters used in Eqs. (3) 
to (6) are defined in Table 2.
The direct component of downwelling irradiance (Eq. 3) is calculated from the 
mean extraterrestrial spectral irradiance which is modified by scattering, absorption 
and reflectance processes. The effect of multiple air-ground reflections (Eq. 4 ) . is 
determined from the influence of the sky and ground albedos on the direct component 
of downwelling irradiance. The diffuse component of the downwelling irradiance 
(Eq. 5) is determined from scattering and reflectance processes. Equation (6) is the
(1998).
The governing equations of this modified model are given below:
Eg{A) =  {Edd +  Er +  E a)rsrg/ (  1 -  rsrg)
E ds(0 , A) =  [Er(A) +  Ea(A) +  E^A)] • (1 — ps) 
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Table 2 .
Definition and units of terms and parameters used in Eqs. (3) to (6)
Parameters Definition Units
^ (A ) Mean Extraterrestrial Spectral Irradiance W m"2
e Solar Zenith Angle degree
Tr(  A) Transmittance After Rayleigh Scattering Dimensionless
Ta(A) Transmittance After Aerosol Scattering Dimensionless
T„(A) Transmittance After Ozone Absorption Dimensionless
W ) Transmittance After Oxygen Absorption Dimensionless
Tw( A) Transmittance After Water Vapor Absorption Dimensionless
Pd Direct Sea Surface Reflectance Dimensionless
Ps Diffuse Reflectance Dimensionless
Er{  A) Diffuse Irradiance Component from Rayleigh Scattering W m  2nm 1
E a{ A) Diffuse Irradiance Component from Aerosol Scattering W m nm
rs clear sky Reflectivity (albedo) Dimensionless
V9 Ground Reflectivity (albedo) Dimensionless
sum of the direct and diffuse components of the downwelling irradiance which is 
the downwelling irradiance just below the sea surface. In this study, the simulated 
irradiance values were compared to land-based observed irradiance values (£^(0+ , A)) 
from three sites. In making this comparison, the effect of sea surface reflectance on 
the direct [(1 — pd) in Eq. (3)] and diffuse [(1 — ps) in Eq. (5)] irradiance components 
was not included.
III.2.2 Input Data for RT Model
The clear sky RT model requires a number of input parameters that can either 
be measured or calculated (Table 3). Solar zenith angle is related to the astro­
nomical position of the Earth, and can be calculated from Julian day, Universal 
Time Coordinate (UTC), latitude, and longitude. Barometric pressure, local wind 
speed, visibility, ozone, and reflectivity measurements, can be obtained from in situ  
measurements made at land-based or ship-based locations or from satellites. Rela­
tive humidity can be calculated from dew-point and dry temperature measurements. 
The mean wind speed was calculated from local wind speed for the RT model. Air 
mass type is defined by ten categories that range from typical open ocean aerosol 
with a value of 1.0 to typical continental aerosol with a  value of 10. For this study, 
air mass type was assumed to be typical open ocean aerosol because the three sites,
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Table 3
Definitions and values of the input parameters used with the clear sky RT model 
at the three sites (Fig. 5). Default values were used for parameters for which mea­
surements were not available. The input parameters used for sensitivity studies are 





Solar zenith angle (°) 55.72-87.99 41.21-87.95 31.48-87.98
Latitude 77°5l'S 64°46'S 54°49'S
Longitude 166°40'E 64°3'W 68°19'W
B a ro m etr ic  p ressu re (m bar) 
L oca l W in d  sp eed  (m s-1 )
913-1090 953-1017 957-1033
0-36 0-33 0-39
V is ib ility  (km ) 0.5-72 0.1-72 0.1-72
O zon e (D o b so n  U n it) 111-413 132-405 158-403
R e fle c t iv ity  (ten th ) 0.3-0.99 0.07-0.99 0.05-0.99
Mean wind speed (ms-1 ) 0-28.2 0-23.5 0-13.3
Air mass type Marine type (1) Marine type (1) Marine type (1)
R e la t iv e  h u m id ity  (%) 80 (Default) 46-100 23-100
Water vapor (cm) 1.5 (Default) 1.5 (Default) 1.5 (Default)
McMurdo, Palmer, and Ushuaia Station, that were used for model validations in this 
study, are located near the coastal ocean (Fig. 5). The default water vapor value 
was used in lieu of actual measurements. Water vapor (Table 3) represents total 
precipitable water in a 1-cm2 area in a vertical path from the top of the atmosphere 
to the surface (Gregg and Carder, 1990).
III.2.3 Cloud Correction Algorithms
Nine empirical cloud cover algorithms (Table 1) were tested with the clear sky 
RT model to determine their effect on the sea surface arriving irradiance. The 
existing cloud cover algorithms were developed for a range of environments that 
include a forest area in mid-latitude United States (Reifsnyder and Lull, 1965), 
northern Germany (Kasten and Czeplak, 1980), the northwestern United States 
(Davis, 1995), and sites along the east and west coasts of the United States (Reed, 
1977). Three cloud cover algorithms were developed for open ocean environments 
that include Ocean Weather Station Papa and Sable Island (Laevastu, 1960; Tabata, 
1964; Dobson and Smith, 1988). Two cloud cover algorithms were developed for





Fig. 5. Location map showing the three sites used for development of the cloud 
cover correction algorithm: McMurdo Station (77°51,S, 166°40/E), Palmer Station 
(64°46'S, 64°3'W) and Ushuaia (54°49'S, 68°19'W).
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Table 4
Irradiance data availability at the three study sites. Numbers in parentheses are the 
number of months. Data can be obtained from Biospherical Instruments, Inc
Site 1993-1994 1994-1995 1995-1997
(Data volume 4.0) (Data volume 5.0) (D ata volume 6.0)
McMurdo Feb to Jan (11) Jan to Jan (12) Feb to Jan (23)
Palmer Mar to Mar (12) Mar to Mar (12) Mar to Apr (25)
Ushuaia Apr to Apr (12) Apr to Apr (12) Apr to Mar (23)
a global application (Antoine and Morel, 1996; Antoine et al., 1996). W ith the 
exception of the algorithm developed by Kasten and Czeplak (1980), which is based 
on cloud oktas, all cloud cover algorithms are based on cloud tenths.
III.2.4 Irradiance Data
• The United States National Science Foundation supports a network of ultraviolet 
spectroradiometers (SUV-100), which are manufactured by Biospherical Instruments 
Inc. This network provides time series measurements of the incident radiant flux 
( / i W  nm- 1cm~2) at sites in the Antarctic and Subantarctic. For this study, the 
measured irradiance time series were obtained from 1993 to 1997 at Palmer Station, 
McMurdo Station and Ushuaia (Table 4). The irradiance data have a spectral irra­
diance resolution of 1 nm between 280 nm and 620 nm and are available at 1-hour 
intervals (Booth et al., 1998, 2000, 2001). The irradiance time series were daily 
averaged and these values, as well as the hourly values, were used for comparison 
with the simulated irradiance values obtained with the clear sky RT model.
Cloud cover is defined by the World Meteorological Organization (WMO) Code 
2700 to be the the fraction of the total sky covered by clouds. Cloud cover obser­
vations are generally available every three hours for the three sites, with occasional 
missing observations. In this study, the missing values were not obtained by in­
terpolation between the available cloud cover measurements because synoptic cloud 
cover can change radically on short timescales. All the analyses were done with 
only those surface irradiance measurements that have cloud cover observations that 
match precisely in time.
Concurrent meteorological observations, such as barometric pressure, wind speed, 
visibility, and relative humidity are available from the National Climatic Data Center
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(NCDC) weather observations and are provided along with the irradiance data from 
Biospherical Instruments Inc. (Booth et al., 1998, 2000). Global measurements of 
total column ozone are provided by National Atmospheric and Space Administration 
Total Ozone Mapping Spectrometer (TOMS) instrument. The Meteor-3 TOMS 
provided daily data from November 1978 through December 1994, and the Earth 
Probe TOMS has been providing data since July 1996 (Booth et al., 1998, 2000). 
In the present study, the Meteor-3 TOMS data were used for input data between 
1993 and 1994 and Earth Probe TOMS data were used for input data between 1996 
and 1997. Climatological values for column ozone data were used for the one-half 
year between 1995 and 1996, when satellite measurements were not available. The 
number of random errors, decode errors, and reporting errors (by station) is less 
than 0.1% of the total observations (NCDC, 2003).
111.2.5 Simulations and Sensitivity Studies
. The sensitivity of the simulated irradiances to six meteorological parameters, 
barometric pressure, wind speed, visibility, ozone concentration, ground albedo (re­
flectivity), and relative humidity, was evaluated. The sensitivity studies were done 
using the maximum and minimum values of the six meteorological input parameters 
with all other parameters held constant. The sensitivity of the simulated irradiances 
to changes in the input parameters was evaluated by comparison to the irradiances 
obtained from the clear sky RT model using measures of magnitude and consistency 
changes based on percent root mean square (RMS) difference and Spearman’s ranked 
correlation coefficient, respectively. This provides a measure of which meteorologi­
cal parameters have the most effect on the magnitude and shape of the simulated 
irradiances.
111.2.6 Derivation of New Cloud Cover Algorithms for Integrated Irra­
diance (280-620 nm)
The cloud cover correction algorithms by Laevastu (1960), Kasten and Czeplak 
(1980), Dobson and Smith (1988), and'Davis (1995) (see Table 1) are of the general 
form:
=  1 -  A  - (C L D ) b  (7)
EJclear
where the coefficients A  and B  are dimensionless parameters that determine the
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shape and the magnitude of the cloud-cover correction algorithm, respectively. The 
degree of cloudiness, expressed in either tenths or oktas, is given by C L D .  For clear 
sky conditions the ratio is 1 and C L D  is zero. As cloudiness increases this 
ratio becomes less than 1 .
The clear sky RT model can be used to estimate E ciear, assuming that the model 
is appropriate for a particular site. Thus, the realism of the RT model was tested  
by comparing the simulated irradiances with those measured during clear sky condi­
tions. Hourly irradiance data for which concurrent cloudiness measurements showed 
clear sky conditions to exist were selected from the total data sets. These data con­
sisted of 115, 53, and 100 measurements at McMurdo Station, Palmer Station and 
Ushuaia, respectively. Thus, only 3.2%, 2.8%, and 1.5% of the total data set at the 
three sites could be classified as clear sky for the time included in this study, which 
indicates that the Subantarctic and Antarctic sites used in this study are persistently 
cloudy.
The RT model was used to obtain simulated irradiances at the three sites using 
meteorological conditions that were concurrent with the irradiance measurements. 
Default values were used for parameters for which measurements were not available, 
such as average reflectivity values (Table 3), which were 0.76, 0.60 and 0.38 for 
McMurdo Station, Palmer Station, and Ushuaia, respectively.
III.2.7 Derivation of New Cloud Cover Algorithms for Spectrally- 
Resolved Irradiance
The cloud cover correction algorithm given by Eq. (7) is based on the integrated 
irradiance between 280-620 nm. However, the spectral properties of the clouds can 
modify the irradiance with respect to wavelength. This spectral effect is described 
by a cloud cover correction algorithm of the form:
L ^ L  = 1-A(X)-(CLD)b^  ( 8)
■&clear\A)
where the coefficients A(A) and 5(A ) are the same as in Eq. (7), but are now functions 
of wavelength, A.
The irradiance data used in this calculation were based on the wavelengths be­
tween 280 and 620 nm at 1-nm intervals for McMurdo Station, Palmer Station, and 
Ushuaia. These data were fit with Eq. (8 ) to obtain spectrally-resolved estimates of
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the coefficients A(A) and B ( A).
III.3 BIO-OPTICAL MODEL
The simulated surface irradiance obtained from the RT model is input to a bio- 
optical model (Fig. 6 ) along with chlorophyll a and inherent optical properties 
(IOPs), such as the absorption coefficient, a, and the backscattering coefficient, 
bb, to calculate photosynthetically available radiation (PAR) in water column. The 
water column irradiance is then used as input to a primary production model to 
compute water column primary productivity.
The bio-optical model used in this study is based on studies by Sathyendranath 
and P latt (1989) and Morel (1991), and it provides estimates of the total downwelling 
spectral irradiance {Ed(z,  A)) as a function of depth (z) and wavelength (A) using 
prescribed IOPs and Apparent Optical Properties (AOPs).
T he total downwelling spectral irradiance on a horizontal surface at depth 
'{Ed(z, A)) is obtained from the total downwelling spectral irradiance at sea surface 
(Ed{0- , A) in Eq. 6 ) by calculating the light at each level subject to an exponential 
decrease that is based on standard optical attenuation (Beer’s law) as:
E d( z , A) =  E d{0", A) • exp[J  - K d(z, A) dz] (9)
where Kd(z ,  A) is the spectrally-resolved vertical attenuation coefficient at depth z  
and A z  is the depth increment. The spectrally-resolved vertical attenuation coeffi­
cient, I(d(z,  A), in Eq. (9) is computed using the following approximation:
TS ! ~ A \   ^) "b t>b{z, A) f ^
K ‘ {Z' X) - —  (10)
where a(z,  A), bb(z, A) and /xf/(c, A) are the absorption coefficient, back scattering co­
efficient and light angularity (i.e., average cosine), respectively. In this equation, the 
light attenuation is a sum of absorption and back scattering normalized by the light 
angularity, which considers the angle of incidence of light on a horizontal surface. 
The total downwelling irradiance, Ed[z,  A) is a plane irradiance which considers oirly 
downwelling irradiance reaching a point on a horizontal surface. However, if a phy­
toplankton cell is assumed to be spherical in shape, the light energy a phytoplankton




! Cloud Cover Algorithm !
Underwater Light Field
C hloroph yll a  





B io -O p tic a l Model
Primary Production Model
Fig. 6 . The simulated surface irradiance from the RT model is modified by the 
vertical chlorophyll a distribution, Inherent Optical Properties (IOPs) and Appar­
ent Optical Properties (AOPs) of the water. The resultant underwater light field 
provides the input for a primary production model that is expressed in terms of 
phytoplankton quantum efficiency that is parameterized using photosynthetic phys­
iological measurements.
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cell receives can come from all directions. Therefore, the total downwelling irradi­
ance needs to be converted to scalar irradiance, E0(z, A), that considers light coming 
from all directions. Morel (1991) approximated the relationship between E<i(z, A) 
and E 0(z , A) as follows:
E d(z, A) • K u(z, A) ~  E 0(z, A) • a(z,  A) (11)
In this study, the scalar irradiance, E 0(z,  A), represents PAR and it can be computed
from Ed(z,  A) with the relationship given in Eq. (11).
III.3.1 Inherent Optical Properties
The absorption coefficient (a(z,  A)) that determines the spectral attenuation co­
efficient (Kd(A)) is computed as follows:
Cl(z, A) — Clu,(z, A) -f- Clphyto(z, ^) “t" ®y(Zi ^) (1^)
where aw(z, A) is the absorption coefficient for pure seawater, apiiyto(z,  A) is light
absorption by phytoplankton and ay(z, A) is light absorption by CDOM. The ab­
sorption coefficient for pure seawater, aw(z, A), was calculated according to Prieur 
and Sathyendranath (1981). The light absorption due to the presence of a phyto­
plankton assemblage, given by apiiyt0( z , \ ) ,  is modeled as follows:
a p h y t o { z > ^ )  =  a p h y t o { m a x ) ' a p h y t o i ' C(z )  (13)
where a*vhyto(max)  is a maximum value of the phytoplankton specific absorption 
spectrum, which normally occurs near 440 nm. The normalized phytoplankton spe­
cific absorption spectrum, represented' by aphyt0(A), has peaks at 440 nm and 630 
nm (Morel, 1991). The vertical distribution of chlorophyll biomass (mg Chi m -3 ) 
is given by C(z).  The magnitude of the maximum phytoplankton-specific absorp­
tion value (aphyl0(max)) can be obtained from the chlorophyll concentration using 
the empirical relationship given in Sathyendranath and Platt (1989), as discussed in 
chapter III.3.4, and is given by:
* t \ '0.355 . .
=  6.103 +  C(z) (M)
where 0.355 and 6.103 are empirical constants. The absorption of light by CDOM  
(ay(A)) can be obtained using the relationship developed by Bricaud et al. (1981):
dy{A) =  0.2[au,(A) +  aphyt0( z , A)] • el-°-014(A- 44°)l ( 1 5 )
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where e[—°-014CA—440)3 is a normalized CDOM absorption spectrum with its maximum  
absorption at a reference wavelength of 440 nm. In this study, the maximum absorp­
tion coefficient for CDOM was assumed to covary with other constituents, such as 
pure seawater and phytoplankton, which are represented by the first part of Eq. (15). 
Also, it is assumed that 20% of the total absorption at a given reference wavelength 
is from CDOM, suggested by Mobley (1994). The definitions and units for the terms 
in Eqs. (12) to  (15) are given in Table 5.
The backscattering coefficient, fy,(z, A), in Eq. (10) is obtained from the sum of 
the backscattering due to pure seawater (b^ ■ bw(z, A)) and the backscattering due 
to the presence of phytoplankton (hphyto • 6p/ll/f0 (z, A)) as:
h ( z ,  A) =  bbw ■ bw(z, A) +  bbphyto ■ bphyiQ(z , A) (16)
where the proportionality constant for pure seawater scattering, b^w, is 0.5 (Sathyen­
dranath and Platt, 1989; Morel, 1991). The backscattering by phytoplankton was 
obtained using the relationship given by Morel (1988):
550
hphyto ■ bphyt0(z,  A) =  0.30C (z)°‘62 • [0.002 +  0.02(0.5 -  0.25log[C{z)} ■ — )] (17)
The definitions and units for the terms in Eqs. (16) to (17) are given in Table 5.
III.3.2 Apparent Optical Properties
The angular structure of downwelling irradiance of the underwater light field can 
be constructed using the average cosine value of the downwelling photons, /^ (z , A), 
which is the average value of the cosine of the polar angle of all the photons con­
tributing to the downwelling radiance at the given depth and wavelength. The 
average cosine for the downwelling irradiance just beneath the sea surface (z =  0 ") 
was computed as given in Morel (1991) as:
n  jM O ", A) • Edd(0 - , A) +  M O " , A) • £ * ( 0 - ,  A) f ^
M ° , A) = --------------------  £;dco-TA)---------------------------  (18)
where Hdd.{0—, A) and fXds{0 —, A) are the average cosine of the polar angle by the 
direct (E ^ O - , A)) and diffuse downwelling irradiance (E ^ O - , A)) incident at the 
sea surface, respectively. These quantities have values given by the cosine of the 
solar zenith angle and 0.83, respectively. The latter value is based on an assumption
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Table 5
Definition and units of terms and parameters used in Eqs. (12) to (17)
Parameters Definitions Units
a(z, A) Absorption coefficient n r 1
aw(z, A) Absorption coefficient by pure seawater n r 1
a ph y to (z i A) Absorption coefficient by phytoplankton m - 1
ay(z  , A) Absorption coefficient by yellow substance m - 1
a*Phyto(™ax) Maximum phytoplankton-specific m2mg Chi-1
absorption coefficient
® ph,yto{^) Normalized phytoplankton-specific 
absorption spectra
Dimensionless
C ( z ) chlorophyll biomass mg Chi
b(z, A) Backscattering coefficient n r 1
bbw Proportional constant (0.5 assumed) Dimensionless
A) Total scattering coefficient by pure seawater m " 1
bbphyto Proportional constant Dimensionless
b p h y to (z ,  A) Total scattering by phytoplankton m " 1
that the diffuse downwelling irradiance has an even distribution as discussed in 
Sathyendranath and Platt (1989). The average cosine approaches an asymptotic 
distribution with increasing optical depth (Kirk, 1994), which is determined by a 
spectral single scattering albedo. This latter function, given by wo(z, A), gives the 
probability that a photon will be scattered and is discussed in detail in Mobley 
(1994). The linear relationship between ujq and p d(oo, A), given by Bissett et al. 
(1999), accounts for the average incident angle at which photons enter each depth 
and is given as:
Hd(oo, A) =  (0.5 -  iXd{z -  A z, A))w0(A) +  /zd(z -  A z,  A) (19)
where p d(z  -  A z,  A) is the average cosine on a horizontal surface at the depth just 
above the current depth. Although the average cosine of downwelling photons is 
a curvilinear function of optical depth (Kirk, 1994), Bissett et al. (1999) used a 
linear relationship between p d{z, A) and p-d(z  -  A z,  A) as a function of optical depth 
{Kd{z,  A) • A z) for a discrete depth interval (A z =  0.5 m in this study) and is given 
as: ' .
-  A z, A) +  slope-Hd(z, A) • K d{z, A) • A z (20)
where slope^pd{z, A) is the slope between p d{z — A z, A) and p,d(oo, A) and is given
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Table 6
Definition and units of terms and parameters used in Eqs. (18) to (21)
Parameters Definition Units
■*) The average cosine for downwelling irradiance Dimensionless
at depth z
^(0“ , A) The spectral average cosine
for downwelling irradiance at the surface Dimensionless
, A) The average cosine for direct component of
downwelling irradiance at the surface Dimensionless
M<£s(0 > A) The average cosine for diffuse component of
downwelling irradiance at the surface Dimensionless
fid{ 0 0 , A) The average cosine for downwelling irradiance Dimensionless
at infinite depth
CUq Spectral single scattering albedo Dimensionless
by:
, . Hd{oo, A) -  fj,d{z ~  A z, A) . .
s l o p e d .  »  = —  7,6 l -g jp ^  (2D
where the optical depth of fj,d{oo, A) is assumed to be 7.0 (Bissett et al., 1999) and 
the optical depth of the current depth is I\d{z,  A) • z.
Assuming that the average cosine for the downwelling irradiance just beneath the 
sea surface given in Eq. (18) is Hd{z -  A z,  A), then the average cosine for the next 
level (/J‘d(z, A)) can be obtained using Eq. (20). Therefore, estimates of the average 
cosine of the downwelling irradiance (nd(z, A)) at depth z, are based on values at 
the previous level, 2  — Az. The definitions and units for the terms in Eqs. (18) to 
(2 1 ) are given in Table 6 .
III.3.3 Normalized Absorption Spectrum
The bloom-forming species of the WAP are diatoms and prymnesiophytes with 
the dominance of the particular group depending on season and location (Fryxell 
and Kendrick, 1988; Scharek et al., 1994; Bidigare et al., 1996; Moline and Prezelin, 
2000; Varela et al., 2002). The bloom-forming species of the Ross Sea are mostly 
diatoms and cryptophytes (El-Sayed et al., 1983; Smith and Nelson, 1985; DiTullio 
and Smith, 1996; Leventer and Dunbar, 1996; Nelson et al., 1996; Arrigo et al.,







400 500 600 700
wavelength (n m )
Fig. 7. Absorption spectra of phytoplankton as a  function of wavelength and pig­
ment concentration. The absorption spectra produced by chlorophyll a and chloro­
phyll c (solid line) is representative of that for large diatoms, prymnesiophytes and 
dinoflagellates, which are found in the WAP continental shelf waters and in the Ross 
Sea. The normalized absorption spectrum (dashed line) given by Morel (1991) is 
also shown.
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Table 7
The maximum phytoplankton-specific absorption coefficient measured at 440 nm for 
different phytoplankton species from a variety of Southern Ocean locations
a p h y t o ( m a X )




0.035 nano-phytoplankton Drake Passage Mitchell and Holm-Hansen (1991a)
(surface)
0.015-0.025net-phy toplankton Coastal sites Mitchell and Holm-Hansen (1991a)
in Antarctic Peninsula
0.017 Diatoms Gerlache Strait Brody et al. (1992)
0.056±0.072Prymnesiophytes Gerlache Strait Brody et al. (1992)
0.015-0035 Diatoms Atlantic sector - 
(surface)
Bracher and Tilzer (2001)
0.013-0.033 Diatoms Antarctic Polar Front Bracher and Tilzer (2001)
(30 m)
0.041-0.05 Flagellates Atlantic sector - 
(surface)
Bracher and Tilzer (2001)
• 0.032-0.045 Flagellates Atlantic ACC 
(30 m)
Bracher and Tilzer (2001)
0.033 Phaeocystis Atlantic sector - 
(surface )
Bracher and Tilzer (2001)
0 .0 2 1 Phaeocystis MIZ 
(30 m)
Bracher and Tilzer (2001)
0.041±0.015 Diatoms and 
Phaeocystis
Ross Sea Arrigo et al. (1998a)
1999). The combined chlorophyll a  and chlorophyll c absorption spectra for net- 
phytoplankton such as diatoms, prymnesiophytes and dinoflagellates (solid line in 
Fig. 7) is similar to the normalized absorption spectrum (dashed line in Fig. 7) 
with two peaks coinciding at around 440-460 nm and 670 nm. In this study, the 
normalized absorption spectrum (a*jl3/(0 (A)), given by Morel (1991), was used to 
obtain the absorption coefficient by phytoplankton in Eq. (13).
III.3.4 Maximum Phytoplankton-Specific Absorption Coefficient
The maximum phytoplankton-specific absorption coefficient (a*hyt0(m,ax)), mea­
sured for a variety of Southern Ocean locations, shows a range of values (Table 7). 
Values for coastal sites in the WAP region are lower than those for open ocean sites
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(Table 7). In contrast, measured values in the Ross Sea are at the upper end of the 
range from the WAP region (Table 7).
The values of a*hyt0(max)  from tropical and temperate environments range from 
0.014 to 0.30 m2 mg Chi ~ 1 (Mitchell and Kiefer, 1988). The values from Antarctic 
locations are at the low end of this range (Table 7). The lower values of a*hyt0(max)  
measured for Antarctic phytoplankton have been attributed to low concentrations 
of detritus and the effect of pigment packaging (Mitchell and Holm-Hansen, 1991a). 
The low-light adaptation of Antarctic phytoplankton results in pigment concentra­
tions within the cell which in effect cause self-shading to occur and reduces light 
absorption (Mitchell and Holm-Hansen, 1991a).
In general, values of a*phyt0(max)  measured for diatom populations in the WAP 
are lower than these measured for Phaeocystis (Table 7), suggesting that diatoms 
have a stronger pigment packaging effect. The measured ayhyt0(max)  for diatoms in 
the Ross Sea (Table 7) are larger, suggesting less of a packaging effect in this area.
The value of a*llyt0(rnax) varies as a function of chlorophyll concentration, and 
three exponential functions have been proposed for obtaining this relationship. Ex­
ponential relationships, proposed by Prieur and Sathyendranath (1981) and Bricaud 
et al. (1995), give large values of a*hyt0(max)  at low chlorophyll concentration 
(Fig. 8 a, b). These values are outside the range measured for Antarctic phytoplank­
ton (Table 7). The linear relationship given by Sathyendranath and Platt (1988) 
yields values of a*hyt0(max ) that are within the range measured for Antarctic phyto­
plankton at all chlorophyll concentrations (Fig. 8 c). Consequently, this relationship 
was chosen to specify a*hyto(max)  in Eq. (13).
III.4 PRODUCTION MODEL
III.4.1 Calculation and Interpolation of Primary Production
The simulated primary production at a given time, t, and depth, z,  was obtained 
using a hyperbolic tangent relationship given.by Neale and Richerson (1987) which 
is of the form:
P [ z , t )  =  Chl(z ,  t) ■ P ^ ( z ,  t) ■ . Finll (2 2 )
•MnaojV'2') V





§  0 .0 5
0.00
L.
.C 0 .1 5
T T
0.10
§  0 .0 5
0.00
l_
s: 0 .1 5 T T T
0.10
8  0 .0 5
0.00
Chi a concentration (mgChl m-3)
Fig. 8 . Relationship between maximum chlorophyll-specific absorption coefficient 
( a piujto(m a x )) at 440 nm and chlorophyll concentration computed from relationships 
given in (A) Prieur and Sathyendranath (1981), (B) Bricaud et al. (1995), and (C) 
Sathyendranath and Platt (1988). The shaded area represents the range of values 
of aphyt0(max)  measured for Antarctic environments (Table 7).
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where P Bax(z, t ) and a B(z, t, A) represent maximum photosynthetic rate and photo­
synthetic efficiency at a given time and depth, respectively (Fig. 4). The last term, 
Finh, represents photoinhibition effects and is given by:
where E t is the irradiance value at which photoinhibition effects become active (Neale 
and Richerson, 1987) and (3B(z , t )  is photoinhibition index (Fig. 4) at a given time 
and depth. For this study, the phytoplankton biomass, expressed as chlorophyll 
concentration, was assumed to be constant in time. The daily primary production 
was then calculated by integrating Eq. (22) over depth and time as follows:
where the depth integration is from the sea surface to the depth where light is 
.reduced to 1% of the surface value (Zeu), the euphotic depth. The time integration 
is based on day length and goes from sun rise (S u n R ise ) to sun set (Sun Set ) which 
are defined by the times for a given day when the solar zenith angle is less than 90°. 
A trapezoidal method was used for the integration with depth and time intervals of 
1 hour and 0.5 m, respectively.
111.4.2 D a ta  Sources
The observations needed to construct the surface irradiance field, the meteorolog­
ical input parameters to the solar irradiance model, and the cloudiness data needed 
for the cloud cover corrections were obtained from cruises to the WAP and the Ross 
Sea (Table 8 ). The observations from these cruises also provided vertical chlorophyll 
profiles needed for the calculation of the primary production (Eq. 22, see Fig. 6 ) and 
concurrent measurements of P vs. I parameters. The P vs. I parameters obtained 
for WAP continental shelf waters provide three or four determinations from different 
depths for some locations. The P vs. I parameters from the Ross Sea provide for 
the determinations surface and the euphotic zone depth.
111.4.3 C o n stru c tio n  o f  th e  A c tio n  S p e c tr u m  ( a B(z , t ,  A))
In the present study, the spectral effect of photosynthetic efficiency (a B{z , t ,  A)) 
on primary production was tested as a part of the sensitivity analyses (see chapters
p .  , _  p - P D(z,t)(PAR(z,t)-Et)  * mh — ° (23)
fSurface rSunSet
P P  =  /  / P ( z , t ) d t d z
J Zeu J SunRise
(24)
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Table 8
Multidisciplinary cruises to the WAP and the Ross Sea, which provide meteorological 
measurements, cloudiness data, chlorophyll profiles and P vs. I measurements used 
in this study. The WAP data set includes observations that cover the 4 seasons. 
The Ross Sea data set covers only the austral spring/summer season. Abbreviations 
used in the table are: LTER-Long Term Ecological Research, RSP-Ross Sea polynya
Program Name Cruise Period Reference
IV.2.1.5 and IV.2.2.5). The spectral effect of the photosynthetic efficiency of the 
phytoplankton is referred to as the action spectrum (aB(z, t, A)), and has been found 
to have a significant effect on primary production (Lewis et al., 1985; Schofield 
et al., 1990; Kroon et al., 1994; Kyewalyanga et al., 1997). Measurement of the 
action spectrum is expensive, time-consuming, and laborious (Boucher and Prezelin, 
i 1996a,b) because a number of P vs. I parameters (Fig. 4) need to be measured 
for each individual wavelength. The standard P vs. I relationship (Fig. 4), based 
on integrated irradiance value (PAR), gives only one set of parameters, Pmax(z ^) i  
a B(z, £), and Ek(z, t) at a given depth (z) and time (t). However, the action spectrum  
(a B(z , t ,  A)), derived from wavelength-resolved P vs. I relationships that are based 
on each individual wavelength, gives up to three hundred determinations of P vs. I 
parameters at a given depth and time, for a 1-nm wavelength resolution.
For this study, the photosynthetic action spectrum was derived from PAR- 
averaged P vs. I relationships. This method assumes that the shape of the pho­
tosynthetic action spectrum is similar to that of the phytoplankton absorption spec­
trum. The measured amplitude of the photosynthetic action spectrum, a B(z, t, A), 
at a given depth and time is calculated from'the magnitude of the measured (or 
simulated) PAR-averaged a B(z, t ) at a given depth and time as:
Palmer LTER 1991 
Palmer LTER 1993a 
Palmer LTER 1993b 
Palmer LTER 1993c 
RSP 94
RSP 95/96
Jan 1993 - Mar 1993 
Mar 1993 - May 1993 
Aug 1993 - Sep 1993 
Nov 1994 - Dec 1994 
Dec 1995 - Jan 1996
Nov 1991 Prezelin et al. (2004) 
Prezelin et al. (2004) 
Prezelin et al. (2004) 
Prezelin et al. (2004) 
Smith and Asper (2001) 
Smith and Asper (2001)
(25)
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where a phv to  i s  given by:
a phyto{z ) — j-700 ^ (26)
The ratio, normalizes the phytoplankton absorption spectrum by the
spectrally-averaged phytoplankton absorption coefficient.
II I .4 .4  T em p ora l V a r ia b ility  o f  P Bax and  a B
Antarctic phytoplankton show a strong diel response in photosynthesis (Rivkin 
and P utt, 1987; Moline and Prezelin, 1997), and temporal changes in photosynthetic 
response significantly influence estimates of primary production. Thus, knowledge 
of diel periodicity in phytoplankton photosynthesis can increase the accuracy of the 
primary production estimates. In the present study, the effect of diel variation in 
the photosynthetic parameters { P Biax and a B) on the simulated primary production 
was tested by scaling the measured photosynthetic parameter values by an idealized 
time-dependent function. The temporal variation in P Bax is expressed as:
a maximum value that is assumed to occur at local noon. The daylength is given by 
N.  The temporal variation produced by Eq. (27) results in a diel cycle that can then 
be applied to P Bax (Fig. 9). A similar approach was used to apply a diel periodicity 
to a B.
I I I .5 B U D G E T  C A L C U L A T IO N S
III .5 .1  S u b d iv is io n s o f  th e  S tu d y  R eg ion s
The fate of the primary production obtained from the bio-optical production 
model described in the previous chapters was addressed using budget calculations 
that consider the relative magnitude of advective processes, local phytoplankton 
growth, grazing, and sinking processes. The budget calculations were applied to the
max ( t )  =  P m a x ( m e a s u r e d )  •
Gill ( — ^ c a s i t r e d  ^
s i n ( f )
(27)
where the value of P B a x ( r n e a s u r e d )  that is measured at a particular time ( t m e a s u r e d )  
is modified by a sinusoidal function that decreases or increases the value relative to









Fig. 9. Change in amplitude over time computed from Eq. (27) that is used to 
provide a diel periodicity for the photosynthetic parameters, and a B, used in 
the primary production model (Eq. 22). The different curves represent variations 
in amplitude from 1- to 4-fold from the bottom  to top, respectively. The vertical 
dotted line indicates local noon, which is where the photosynthetic parameters have 
a maximum value.




Fig. 10. Subdivisions of the WAP study region that are used for the budget calcu­
lations. The dotted line represents the 1000-m isobath.
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WAP and Ross Sea study regions using box models, with the structure of the model 
domains determined by the physical and biological characteristics of each system.
The WAP study region was divided into three along-shelf areas defined by the 
inner-, mid- and outer-shelf (Fig. 10). The inner- and outer-shelf areas are about 
50 km wide; the mid-shelf area includes the region between these two areas. This 
division of the WAP study area is based on hydrographic properties (Klinck, 1998; 
Smith et ah, 1999) and biological structure (Prezelin et al., 2000, 2004) of the region.
The subdivision of the Ross Sea study area for the budget calculations follows 
the structure given in Nelson et al. (1996), in which the eastern and western Ross 
Sea were considered to be different regimes because of the physical and biological 
properties (Fig. 11). Two additional subdivisions were added to these to better 
resolve processes in continental shelf versus open ocean waters (Fig. 11).
Details of the budget calculations for the two regions are given in the following 
sections.
III.5.2 West Antarctic Peninsula Budget Calculation
The governing equation used to describe the fate of phytoplankton biomass (P) 
in each of subdivisions (Fig. 10) of the WAP is:
^  =  AF y +  AFX +  P  -  G  -  S  (28)
where the terms on the right side of Eq. (28) represent across- (A Fy) and along- 
shelf (A Fx) advection, local growth of phytoplankton biomass (P ) obtained from 
the bio-optical production model, grazing by macrozooplankton (G) and sinking of 
phytoplankton cells (S), respectively. This budget calculation is applied to each 
subdivision (Fig. 12).
The advective fluxes input to Eq. (28) were obtained from simulations of the cir­
culation of the WAP continental shelf water which are described in Dinniman and 
Klinck (in press). For this study, the circulation fields from a two-year simulation 
were averaged to produce monthly flow patterns. The simulated circulation distri­
butions were done on a grid that had a higher spatial resolution (5 km x 5 km) 
relative to the resolution of the chlorophyll and primary production measurements 
(20 km x 100 km). Therefore, the simulated circulation values closest to the bio­
logical sampling location were used to construct the monthly-averaged fields. The










Fig. 1 1 . Subdivisions of the Ross Sea study region that are used for the budget 
calculations. Zone I and II are based on the definitions given in Nelson et al. (1996). 
Zone III and IV were added for this study to include continental shelf areas. The 
1000-m isobath and Ross Ice Shelf are shown by the thick solid line and dashed line, 
respectively. The boundaries between the zones are also identified as B l, B2, and 
B3, respectively.
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-1 2 0  m
S 2
S h e lf  A rea
Fig. 12. Schematic of the box model used for budget calculations for the fate of the 
primary production production in the inner, mid and outer portions of the WAP 
continental shelf.
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Table 9
Summary of specific coefficients and relationships used to parameterize Antarctic 
krill and salp grazing for the WAP. Grazing impact by krill (GI*,) is expressed in 
terms of krill biomass (KB, g W W  m-3 ) and ingestion rate (IR) and is integrated over 
water column depth (H) which is 120 m. The ingestion rate by Antarctic krill is a 
function of average chlorophyll concentration (CHL, pg  Chi l-1 ) in the water column 
which is 120 m in this study. Grazing impact by salps (GL,) is expressed in terms 
of number of salps (SN), filtration rate (F), and average chlorophyll concentration 
(CHL) and is integrated over the water column. The salp filtration rate is a function 
of salp length (SL, mm)
Equation Unit Source
GR. =  KB x IR x  H 
IR =  1.218 x CHL - 0.435 
GIa =  SN x F x  CHL x H 
log(F ) =  1.843 log(SL) +  0.271
/ig Chi m~2 h-1 
tig Chi (g W W )"1 h"1 
/ig Chi m -2 h"1 
ml r 1
(Ross et al., 1998) 
(Ross et al., 1998) 
(Ross et al., 1998) 
(Madin and Cetta, 1984)
choice of monthly-averaged circulation values is consistent with the time required 
to make the measurements in each of the subdivisions. The velocities were also av­
eraged over the upper 120 m to be consistent with the production values, obtained 
with the bio-optical production models, and sediment trap data sets. The resultant 
j spatially and temporally averaged velocity fields provide the values for A Fy and A Fx 
in Eq. (28).
The primary macrozooplankton grazer in the WAP continental shelf waters is 
Antarctic krill (Marr, 1962; Laws, 1985). Estimates of the biomass of this grazer 
and its distribution in space and time in the WAP shelf waters are given in Lascara 
et al. (1999). An additional potentially important grazer in this area is the salp, 
Salpa thompsoni , and information on its biomass and distribution is also available 
(Ross et al., 1998).
Grazing rates for Antarctic krill and salps have been measured in laboratory 
experiments (e.g. Huntley et al., 1989; Ross et al., 1998; Pakhomov et al., 2002). 
These rates were used with estimates of Antarctic krill and salp biomass to obtain a 
loss rate of phytoplankton due to grazing in tire upper 120 m of the water column. 
The general form of the grazing term is:
G =  Biomass  x Ingestion x  Chlorophyll  (29)
The specific coefficients and relationship used to parameterize Antarctic krill and
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Table 10
Summary of particulate carbon export rates measured using a sediment trap de­
ployed in the WAP continental shelf (64°30’S, 66°W ). Minimum and maximum rates 
obtained from the sediment trap measurements are shown as is the time interval for 
which the rates apply. The minimum and maximum rates are based on unpublished 
data provided by Dr. David Karl, University of Hawaii
Collection Minimum C Flux Maximum C Flux
Period (mg C m~2 d-1 ) (mg C m-2 d-1 )
Nov 1992 to Oct 1993 0.36 (±0.08) 63 (±1 .2)
(Aug 1993 to Sep 1993) (Nov 1992 to Dec 1992)
Nov 1993 to Oct 1994 0.012 (±0.012) 34.9 (±0.96)
(Oct 1 to 15 1994) (Mai- 18 to 25 1994)
Nov 1994 to Oct 1995 0.37 (±0.024) 156.7 (±1.56)
(Jun 1995 to Aug 1995) (Jan 8 to 15 1995)
salp grazing are given in Table 9.
Sinking flux estimates for phytoplankton cells were based on sediment trap mea­
surements made in WAP continental shelf waters (unpublished data provided by 
Dr. David Karl, University of Hawaii) which provide a range of sinking fluxes for 
this region (Table 10). For this study, the phytoplankton particulate carbon was 
assumed to be 50% of the total particulate carbon flux for the inner- and inid-shelf 
regions and 20% of the total particulate carbon flux for the outer-shelf region (Bo- 
dungen et al., 1986). The higher value for the inner- and mid-shelf is attributed 
to the higher phytoplankton concentrations in these areas (Bodungen et al., 1986; 
Moline and Prezelin, 2000) and to the increase in cell sinking rate that accompanies 
the cessation of growth by forming resting spores. More resting spores were found 
in the WAP inner- and mid-shelf area (Bodungen et al., 1986).
III.5.3 Ross Sea Budget Calculation
The governing equation used to describe the fate of phytoplankton biomass (P) 
in each of subdivisions (Fig. 11) of the Ross Sea is:
i
d P
-  =  AFX +  P - G - S  (30)
where the terms on the right side of Eq. (30) represent zonal (A Fx) advection, lo­
cal growth of phytoplankton biomass (P ) obtained from the bio-optical production
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S h e lf A rea
Fig. 13. Schematic of the box model used for budget calculations for the fate of 
the primary production in Ross Sea continental shelf waters. The inner-shelf area 
is represented by the flux (B l) between Zone I and III (Fig. 11). The mid-shelf 
area is represented by the flux (B2) between Zone I and II. The outer-shelf area is 
represented by the flux (B3) between Zone II and IV.
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Table 11
Summary of mean density and mean length used to calculate crystal krill grazing 
for the Ross Sea continental shelf as described by Sala et al. (2002)
Zone Period Mean density Mean length Source
(individuals (1000 m3)-1 ) (mm)
I Jan to Feb 2000 685.7 (±571.4) 20.5 (±3.4) Sala et al. (2002)
II Jan to Feb 2000 933.6 (±1865.5) 23.0 (±2.5) Sala et al. (2002)
III Jan to Feb 2000 129.1 (±1.9) 16.3 (±0.6) Sala et al. (2002)
IV Jan to Feb 2000 29.0 (±40.3) 22.5 (±5.7) Sala et al. (2002)
model, grazing by macrozooplankton (G) and sinking of phytoplankton cells (S),  
respectively. Unlike the WAP, only the east-west direction was considered for the 
calculation of the advective fluxes in the Ross Sea because the zonal variability of 
ecosystem structure and carbon fluxes in the Ross Sea continental shelf waters is sig­
nificant relative to the meridional flux (DiTullio and Smith, 1996; Goffart et al., 2000; 
Anderson and Smith, 2001). This budget is applied to each subdivision (Fig. 13).
The advective fluxes input to Eq. (30) were obtained from simulations of the cir­
culation of the Ross Sea continental shelf water which are described in Dinniman 
et al. (2003). For this study, the circulation fields from a two-year simulation were 
averaged to produce monthly flow patterns. The simulated circulation distributions 
were done on a grid that with much higher spatial resolution (5 km x 5 km) rela­
tive to the resolution of the chlorophyll and primary production measurements (for 
example, the distance between the center of the Zone I and II is 360 km). Thus, the 
simulated circulation values along the boundaries (Fig. 11) between the subdivisions 
were used to construct the advective fluxes. The choice of monthly-averaged circu­
lation values is consistent with the time required to sample the subdivisions. The 
velocities were also averaged over the upper 150 m to be consistent with the pro­
duction values, obtained with the bio-optical production models, and sediment trap 
data sets. The resultant spatially and temporally averaged velocity fields provide 
the values for A Fx in Eq. (30).
Unlike the WAP region, grazers, such as Antarctic krill, are not dominant in the 
Ross Sea, but large swarms of. crystal krill are found in the Ross Sea continental 
shelf waters (Mackintosh, 1934; John, 1936; Marr, 1956; Lomakina, 1964; Pakhomov 
and Perissinotto, 1996) that are characterized by the occurrence of large stationary
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Table 12
Summary of particulate organic carbon export rates measured using a sediment trap 
deployed in the Ross Sea continental shelf as described by Asper and Smith (1999). 





POC flux at 150 m  
(mg C m~2 d-1 )
RSP 94 Nov 1994 0.9 II (76.8°S, 180°W) 167
RSP 94 Nov 1994 0.9 I (76.5°S, 168.5°E) 25.7
RSP 94 Nov 1997 1.1 I (76.5°S, 173°E) 229
RSP 94 Dec 1994 0.7 I (76.6°S, 173°E) 54.5
RSP 95/96 Dec 1995 1.8 II (76.3°S, 177.7°E) 74.3
RSP 95/96 Dec 1995 2.6 I (76.5°S, 171.5°E) 122
RSP 95/96 Jan 1996 1.7 III (76.5°S, 165°E) 178
RSP 95/96 Jan 1996 2.6 II (76.4°S, 177.4°W) 107
RSP 95/96 Jan 1996 1.6 III (76.4°S, 165°E) 125
polynyas (Zwally et al., 1985; Jacobs and Comiso, 1989). In the present study, 
crystal krill were used to represent the major macrozooplankton grazer species for 
the phytoplankton carbon budget calculations. Estimates of the biomass of this 
grazer and its distribution in space and time in the Ross Sea shelf waters are given 
in Sala et al. (2002), which are summarized in Table 11. The ingestion rate for crystal 
krill was taken to be 4.91 /ig Chi ind-1 d-1 (Pakhomov and Perissinotto, 1996) and 
the biomass of an adult was assumed to be 12 mg DW  ind"1 (Rakusa-Suszczewski 
and Stepnik, 1980). The grazing loss to crystal krill was calculated using the general 
form for grazing rate given in Eq. (29).
Sinking fluxes of phytoplankton cells were based on sediment trap measurements 
made in the southern Ross Sea continental shelf waters (Asper and Smith, 1999) 
which provide estimates of the fluxes of total mass, total organic carbon and total 
organic nitrogen from the euphotic zone through 200 m during the growing season 
(November, 1994 - December, 1994 and December, 1995 - January, 1996) (Table 12). 
Intact and apparent viable phytoplankt;on cells' collected by the sediment traps were 
assumed to be the result of downward phytoplankton carbon flux. Phytoplanktonic 
particulate carbon was assumed to be 30% of the total POC flux (DiTullio and 
Smith, 1996).




IV. 1 CLEAR SKY RADIATIVE TRANSFER MODEL
IV.1.1 Simulation of Daily-Averaged Irradiance
A comparison between observed and simulated irradiance obtained from the clear 
sky model at the three sites for a particular time (Fig. 14) shows that the spectral 
shape of the two is similar. The average correlation coefficients (r2) obtained for 
the comparison between the simulated and observed irradiances were 0.97, 0.96, and 
0.95 for McMurdo Station, Palmer Station and Ushuaia, respectively. However, at 
McMurdo Station (Fig. 14a) the observed irradiances are greater than the theoretical 
maximum obtained from the clear sky model, which suggests a strong albedo effect 
at this site. At Palmer Station and Ushuaia (Fig. 14b, c) the magnitude of the 
observed irradiance is less than that derived from the clear sky model because of the 
effect of cloud cover. The patterns shown for austral spring (Fig. 14) for the three 
sites were consistent for the simulations done with the RT model for other times. 
However, the differences in magnitude between the observed irradiances and those 
derived from the clear sky model indicate the need to correct the simulated values 
for cloud cover and local albedo effects.
The nine cloud cover correction algorithms (cf. Table 1) were applied to the sim­
ulated irradiances obtained from the clear sky RT and the simulated values were 
assumed to be improved if an algorithm resulted in a RMS difference between the 
observed and corrected irradiances for a given day of <  20%, and a correlation co­
efficient between the two of more than 90% with a significance (p) value of <  0.05. 
The percentage of the available days on which these conditions were met was calcu­
lated and compared to the percentage of days from the uncorrected clear sky model 
that satisfied these conditions (Table 13). The reliability of a  particular cloud cover 
algorithm was determined by the increase in the percentage of days with good com­
parisons with observations relative to the uncorrected model output.
At McMurdo Station, none of the cloud cover correction algorithms provided a 
significant improvement in the simulated irradiances, relative to the non-corrected 
irradiance values (Table 13). In fact, many of the cloud cover algorithms actually 
resulted in degrading the simulated irradiances relative to those obtained from the
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Fig. 14. Comparison between observed (— ) and simulated (— ) irradiances at 
(A) McMurdo Station, (B) Palmer Station, and (C) Ushuaia for November 9, 1994, 
October 19, 1995, November 13, 1994, respectively. The observed hourly irradiances 
have the cloudiness values (oktas) of 6. The simulated hourly irradiances were calcu­
lated based on temporal and meteorological information that is concurrent with the 
observed irradiance measurements. The simulated and observed hourly irradiance 
data were averaged over the number o f  observations to obtain daily mean irradiance 
values. The simulated irradiance obtained for Palmer Station and Ushuaia from the 
RT transfer model that included a cloud cover correction algorithm (Antoine et al., 
1996) is shown by the dotted line.
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Table 13
Percentage of days at each site for which the RMS difference between the simulated 
and observed irradiances was less than 20% for the RT model with no cloud cover 
correction and for each cloud cover algorithm
Algorithms McMurdo Palmer Ushuaia
W ithout Correction 57 12 15
Reifsnyder and Lull (1965) 1 3 1
Kasten and Czeplak (1980) 51 21 48
Davis (1995) 47 28 53
Reed (1977) 36 33 55
Laevastu (1960) 62 29 42
Tabata (1964) 28 36 56
Dobson and Smith (1988) 19 31 48
Antoine and Morel (1996) 16 33 18
(Modified Reed (1977))
Antoine et al. (1996) 46 34 56
non-corrected clear sky model. At Palmer Station, the cloud cover algorithms by 
Tabata (1964), Reed (1977), Dobson and Smith (1988), Antoine and Morel (1996), 
and Antoine et al. (1996) resulted in a three-fold improvement in the percentage 
of days on which the simulated irradiances matched observations. At Ushuaia, six 
of the cloud cover algorithms resulted in substantial improvement in the simulated 
irradiance values. However, those by Tabata (1964) and Antoine et al. (1996) gave 
about a 57% improvement relative to the uncorrected clear sky model results. The 
cloud cover algorithm by Reifsnyder and Lull (1965) underestimated the cloud-cover 
filtered irradiance at all sites tested and as a result made the comparisons between 
simulated and observed irradiances poorer. Application of the Antoine et al. (1996) 
algorithm to the irradiances derived from the clear sky model at Palmer Station and 
Ushuaia resulted in corrected irradiance values that match observations (dotted line, 
Fig. 14b,c) and the overall spectral shape after correction follows the observations 
at both sites.
IV.1.2 Derivation of New Algorithms for Integrated Irradiance (280-620 
nm)
Comparisons between the simulated irradiances and the clear sky observations 
at the three sites showed excellent agreement (Fig. 15), with correlation coefficients
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Comparison of constant coefficient (A) and power coefficient (B ) from selected cloud 
cover power function-type algorithms with those derived for the one Subantarctic and 
two Antarctic sites used in this study. The region of application for each algorithm  
is shown
Station A B Region of Application
Kasten and Czeplak (1980) 0.75 3.4 Hamburg, Germany
Davis (1995) 0.674 2.854 Seattle-Tacoma airport, USA
Laevastu (1960) 0.6 3 Ocean Station P
Dobson and Smith (1988) 0.53 0.5 Ocean Station P & Sable Island
McMurdo Station (This study) 0.20 2.09 Antarctica
Palmer Station (This study) 0.37' 1.43 Antarctica
Ushuaia Station (This study) 0.38 1.48 Subantarctica
of 0.99 for McMurdo and Palmer Stations and 0.98 at Ushuaia. Thus, the linear 
relationships derived for each site (slope and constant, Fig. 15) can be used to 
estimate observed irradiances for clear sky conditions (Eciear in Eq. 7) from the 
simulated values obtained from the RT model.
At McMurdo Station, Palmer Station, and Ushuaia there were 3591, 1922 and 
6870 hourly irradiance observations, respectively, that also had concurrent cloudiness 
measurements. These data were binned according to cloudiness (in tenths) and the 
spectrally-resolved irradiances were integrated over 280 to 620 nm, The integrated 
irradiance values were then fitted with a power function to obtain the coefficients 
A and B  (see Eq. 7 in chapter III.2.6) at the three sites (Table 14). The constant 
coefficients (A) estimated for McMurdo Station, Palmer Station, and Ushuaia were 
0.20, 0.37, 0.38, respectively. The power coefficient (B ) estimated for the three sites 
was 2.1 for McMurdo Station, 1.4 for Palmer Station, and 1.5 for Ushuaia (Table 14).
The coefficient sets obtained for Palmer Station and Ushuaia are somewhat simi­
lar; whereas, those obtained for McMurdo Station showed a lower constant coefficient 
and about a 50% higher power coefficient. The constant coefficients (A) estimated  
for the Subantarctic and Antarctic sites were about 2-fold lower than those esti­
mated for mid-latitude areas (Table 14). The power coefficients (B ) estimated for 
the Subantarctic and Antarctic sites were lower than those obtained from other 
studies (Table 14).
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Fig. 15. Comparison between the observed and-simulated integrated irradiances for 
clear sky conditions for (A) McMurdo Station, (B) Palmer Station, and (C) Ushuaia. 
The irradiance values were integrated over 280 to 620 nm. The linear regression 
between the observed and simulated irradiances is given by the solid line and the 1:1 
correspondence line, given for reference, is shown as a dashed line. The slope and 
constant for the linear relationships were 1.07, -570 for McMurdo Station, 0.98, -72 
for Palmer Station, and 0.96, -255 for Ushuaia, respectively.
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Fig. 16. The ratio of observed to simulated clear sky irradiances at (A) McMurdo 
Station, (B) Palmer Station, and (C) Ushuaia as a function of cloudiness. The one 
standard deviation is shown for the observations at a given level of cloudiness. The 
dash-dot line shows the function fit to these data. The functional fit was derived 
using the cloudiness points between 0.1 to 1.0 because cloudiness of zero is not 
allowed in the logarithmic transformation.
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As cloudiness increases, the ratio of observed to clear sky irradiances, de­
creases. The ratio values computed for various cloudiness values show this decrease 
(Fig. 16) and at fully overcast conditions the mean ratio values are 0.82, 0.57, and 
0.64 for McMurdo Station, Palmer Station, and Ushuaia, respectively. The mean 
ratio for overcast conditions was highest at McMurdo Station, which implies that 
this southern-most site is influenced by multiple reflection more than the other two 
stations.
The agreement between integrated irradiance observations and the simulated ir­
radiances from the RT model that uses the newly estimated cloud cover algorithm  
coefficients for the three sites (Table 14) is good (Fig. 17). The simulated irradiances 
from Ushuaia (Fig. 17c) showed the largest scatter among the three sites, and the 
scatter increases with higher irradiance values. This scatter is related to the stan­
dard deviation of the observations at each cloudiness condition (Fig. 16c), which 
increases at Ushuaia as cloudiness increases.
IV.1.3 Derivation of New Algorithms for Spectrally-Resolved Irradiance
The spectrally-resolved correlation coefficients (r2(A)) calculated between the ob­
served and simulated irradiances for clear sky conditions at the three sites (Fig. 18) 
show essentially a linear relationship between observed and simulated irradiances 
at wavelengths greater than 300 nm, which include the ultraviolet-A (UV-A) and 
PAR portions of the light spectra. The lack of a strong correlation at shorter wave­
lengths (280-300 nm) at all three sites (Fig. 18) suggests that the RT model does 
not correctly simulate clear sky irradiances in some parts of the UV-B (280-320 nm) 
region. However, the possibility that the measurements are not reliable for wave­
lengths shorter than 295-298 nm cannot be excluded because the actual spectral 
irradiances are at the noise level of the detector for wavelengths shorter than 295 
nm (Lubin et al., 1992). Additionally, the irradiance flux in the UV-B portion of 
the spectra is much smaller than in the visible, thereby allowing any absolute error 
to have a large influence.
The linear relationships allow the wavelength-dependent clear-sky irradiances to 
be predicted from the RT model at wavelengths greater than 300 nm. These values 
can be used with observations obtained for different cloudiness conditions to compute 
the ratio, ' ^ i s  is the same approach used for the integrated irradiance values
























M o d e le d  ir r a d ia n c e  (W m - 2 )
Fig. 17. Comparison between observed and simulated integrated irradiance for 
(A) McMurdo Station, (B) Palmer Station, and (C) Ushuaia. The irradiance values 
were integrated over 280 to 620 nm. Solid line represents the 1:1 line. The simulated 
irradiances were obtained from the RT model that included a correction for cloud 
cover effects.
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Fig. 18. Wavelength-dependent correlation coefficients (r2(A)) obtained from linear 
regression between observed and simulated irradiances for clear sky conditions at
(A) McMurdo Station, (B) Palmer Station, and (C) Ushuaia.
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Fig. 19. Wavelength-dependent estimates of the (A) constant coefficient, A(A), and
(B) power coefficient, B (A) derived for cloud cover correction algorithms at McMurdo 
Station (O), Palmer Station (* ) , and Ushuaia (A ). (C) wavelength-dependent corre­
lation coefficients (r2(A)) derived from comparisons between observed and simulated 
irradiances for all cloudiness conditions at the'three sites.
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above, but with the wavelength-dependent information retained. Equation (8) was 
fitted to the spectrally-resolved hourly irradiance observations, binned according to 
cloudiness for the three sites, to derive values of -A(A) and 5(A ) with respect to 
wavelength.
The minimum value of .4(A) was obtained for McMurdo Station and the maximum  
was obtained for Ushuaia (Fig. 19a). W ith few exceptions the value of this coefficient 
converged to a constant value for wavelengths greater than 330 nm. The changes in 
the value of A(A) at all wavelengths were minimal. The values of A(X)  obtained at 
McMurdo Station and Palmer Station are similar to those obtained for the spectrally- 
averaged irradiances, especially for A >  330 nm. For example, A(X)  averaged over 
330 to 620 nm is 0.26 for McMurdo Station, 0.34 for Palmer Station, and 0.44 for 
Ushuaia, respectively. These values are similar to spectrally-averaged coefficient 
values estimated for the three sites (Table 14). The values of 5(A ) obtained for the 
three sites were similar across all wavelengths (Fig. 19b). The 5 (A ) values for A >  
.330 nm for the three sites are lower than those obtained using the spectrally-averaged 
irradiance data (Table 14), being 1.25 for McMurdo Station, 1.01 for Palmer Station, 
and 1.37 for Ushuaia, respectively. The correlation coefficient between the observed 
and simulated irradiances, using the new A(X)  and 5(A ) values, is significant at the 
three sites for irradiances at wavelengths greater than 330 nm (Fig. 19c). These 
results allow extrapolation of .4(A) and 5(A ) from 620 nm to 700 nm to include the 
whole range of PAR (400-700 nm).
Comparisons between the observed and simulated irradiances at three wavelengths 
for the three sites (Fig. 20) show good agreement for three representative wave­
lengths. At short wavelengths (e.g. 310 nm), the simulated irradiances tend to 
underestimate observed values. However, the model-observation comparisons tend 
to follow the 1-to-l line for longer wavelengths (440 and 620 nm).
IV.1.4 Input Parameter Sensitivity Studies
The clear sky model contains many input parameters that affect the magnitude 
and spectral shape of the simulated •irradiances. Therefore, the sensitivity of the 
simulated irradiances to the six primary input parameters was tested (Table 15). 
For each sensitivity test, the parameters not being varied were specified with mean 
values. Default values were used for water vapor.
Of the six parameters tested, variations in visibility and reflectivity (ground
I
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Fig. 20. Comparisons between observed and simulated irradiances at three wave­
lengths at (A)-(C) McMurdo Station, (D)-(F) Palmer Station, and (G)-(I) Ushuaia. 
The linear regression between the observed and simulated irradiances is given by the 
solid line and the 1:1 correspondence line, given for reference, is shown as a dashed 
line.
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Table 15
Sensitivity of the irradiance simulations to certain input parameters expressed as 
percent RMS difference and ranked correlation coefficient (values in parentheses) at 
each site. The percent RMS difference gives the correspondence between the simu­
lated irradiance obtained from the clear sky RT model and that obtained from the 
model with the modified parameter set. The ranked correlation coefficient provides 
a measure of the consistency between the two simulated irradiance distributions. 
Because only one default value was used for the relative humidity at McMurdo, the 
sensitivity to this input parameter was not tested
Parameter McMurdo Palmer Ushuaia
Barometric pressure 1.33 (1.0) 0.58 (1.0) 0.91 (1.0)
Local wind speed 0.03 (1.0) 0.02 (1.0) 0.03 (1.0)
Visibility 24.63 (0.99) 21.21 (0.99) 22.98 (0.99)
Ozone 11.20 (0.95) 4.28 (0.99) 3.77 (0.99)
Reflectivity (albedo) 20.96 (0.92) 14.47 (0.97) 16.70 (0.96)
Relative humidity - 1.74 (1.0) 2.33 (1.0)
albedo) were found to be most influential on the simulated irradiances at the three 
sites (Table 15). The percent RMS difference between the simulated irradiances ob­
tained using the maximum and minimum reflectivity was about 14-21%. Variations 
in visibility changed the irradiance values by 21-25%. Ozone concentration variation 
also has large effect, changing irradiances by 4-11%. If these meteorological condi­
tions are assumed to be representative of Antarctic environments then reflectivity, 
visibility, and ozone are the three input parameters that have the most effect on 
irradiance. Assuming the range of reflectivity variation and visibility are similar in 
the three sites, the effect of reflectivity on irradiance was more significant at Mc­
Murdo Station than was the effect of visibility. The effect of variations in reflectivity 
on simulated irradiance is largest at McMurdo Station (Fig. 21a), with a RMS dif­
ference between the maximum (0.01) and minimum values (0.9) of 25%. This is as 
expected given the high latitude of this site. The effect of reflectivity variations at 
Palmer Station (Fig. 21b) and Ushuaia (Fig. 21c) is less but it is still within the 
range of variation observed for comparisons between observed irradiances and those 
obtained with a cloud cover correction algorithm (cf. Fig. 14).





























Fig. 21. Comparison of the effect of variations in reflectivity between a minimum of 
0 and a maximum of 0.9 on simulated irradiances obtained from the clear sky model 
for (A) McMurdo Station, (B) Palmer Station, and (C) Ushuaia. The whole spectral 
irradiance was normalized with the irradiance at 700 nm. The shaded region shows 
the range of variation due to changes in reflectivity.
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Comparison of the simulated euphotic zone (ez) integrated photosynthetically avail­
able radiation (P A R e z ), chlorophyll concentration (C h l e z ), maximum photosynthetic 
rate { P B a x ) ,  photosynthetic efficiency (a B , mg C mg Chi-1 h-1 (/xmol photons m-2  
s-1 )-1 ), and simulated euphotic zone (ez) integrated primary production ( P P e z ) .  












P A R e z Diatom 60 13 12 56
(mol photons m“2 d~-^Prymnesiophytes 62 8 13 55
C h l e z Diatom 26 33 15 20
(mg Chi m-2 ) Prymnesiophytes 36 17 13 21
P m a x Diatom 3.0 3.8 3.8 4.3
(mg C mg Chi-1 h"1) Prymnesiophytes 2.8 3.1 3.3 5.8
a B Diatom 0.041 0.054 0.064 0.046
Prymnesiophytes 0.043 0.065 0.068 0.093
P P e z Diatom 480 331 131 603
■ (mg C m -2 d"1) Prymnesiophytes 773 129 99 886
IV.2 BIO-OPTICAL PRODUCTION MODEL
IV.2.1 Results from the West Antarctic Peninsula Region 
IV.2.1.1 Simulated Underwater Light field
The simulated underwater light field obtained from the RT and optical models 
provides the forcing for the primary production model. The simulated PAR, in­
tegrated over the euphotic zone depth, shows differences in the magnitude of the 
surface arriving irradiance of about one order of magnitude between the austral 
summer and winter (Fig. 22, Table 16) with the minimum in irradiance occurring in 
winter.
W ithin a particular time, the spatial variation in irradiance is determined by the 
distribution of cloudiness conditions (Fig. 23). Cloudiness tends to be reduced in 
the summer and fall (Fig. 23a, b) relative to winter and spring (Fig. 23c, d). The 
increase in cloudiness combined with the low solar elevation in the winter contributes 
to reduced available irradiance. The higher irradiance observed in the northern part 
of the study region in January 1993 (Fig. 22a) results from the relatively clear skies 
in this area (Fig. 23a), which is the information input to the optical model.
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Fig. 22. Simulated daily PAR integrated over the euphotic zone depth (mol photons 
m-2 d -1 ) for (A) January 1993, (B) March 1993, (C) August 1993, and (D) Novem­
ber 1991. The model domain for each time coincides with the region surveyed during 
cruises to the WAP. Areas where the phytoplankton community structure is dom­
inated by diatoms are indicated by circles. Those areas dominated by prymnesio­
phytes are indicated by filled squares. Areas in which no particular phytoplankton 
assemblage dominates are indicated by the small crosses. The dotted line indicates 
the 1000-m isobath.
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Fig. 23. Synoptic cloudiness constructed from observations made during cruises in 
(A) January 1993, (B) March 1993, (C) August 1993, and (D) November 1991. The 
model domain for each time period coincides with the region surveyed during cruises 
to the WAP. Areas where the phytoplankton community structure is dominated by 
diatoms are indicated by circles. Those areas dominated by prymnesiophytes are 
indicated by filled squares. Areas in which no particular phytoplankton assemblage 
dominates are indicated by the small crosses. The dotted line indicates the 1000-m 
isobath.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
72
The accuracy of the simulated light field was determined by comparisons with  
observations. For the period included in this study underwater light measurements 
are available for January 1993 and November 1991 and these were used to calculate 
the percent RMS difference between simulated and observed PAR over the euphotic 
zone depth (Fig. 24). The mean RMS difference for January 1993 (Fig. 24a) was 
13.1±9.7%, which indicates that the simulated light field for this time is good. The 
RMS difference for November 1991 (Fig. 24b) was higher (41.5±12.4% ), which is 
likely due to the effect of CDOM and detritus associated with surface melt water 
derived from the spring sea ice retreat (Dierssen and Smith, 2000). However, overall 
the simulated underwater light field is in reasonable agreement with observations.
IV.2.1.2 Input Chlorophyll Distribution
To begin the analysis of the fate of phytoplankton primary production on the 
WAP continental shelf, a reference simulation was established using the bio-optical 
.primary production model. An integral input to this simulation is the in  situ  chloro­
phyll distribution. The input chlorophyll fields were obtained using observations 
from the four cruises to the WAP continental shelf. The observed chlorophyll dis­
tributions were interpolated to obtain a horizontal spatial distribution and then 
integrated over the euphotic zone. The daily mean WAP chlorophyll distribution 
integrated over the euphotic zone shows a general pattern of higher concentrations 
in the inner- and mid-shelf regions and lower concentration along the outer-shelf in 
all seasons (Fig. 25).
In January 1993, high chlorophyll values were found in the northern portion 
of the shelf region (Fig. 25a), with the highest values of 55 mg Chi m-2 located 
in the mid-shelf region. Chlorophyll concentrations in the southern study region 
were about 50% (20 mg Chi m-2 ) lower. The highest chlorophyll concentrations 
were associated with regions where the phytoplankton community structure was 
dominated by prymnesiophytes and chlorophytes (Fig. 25a, Table 16).
The distribution of the daily mean chlorophyll concentration in March 1993 was 
similar to that in January 1993 (Fig.. 25b, Table 16), with higher concentrations 
in the northern part of the study region. However, unlike January, the highest 
chlorophyll concentrations were associated with regions where diatoms dominated 
the phytoplankton community structure (Fig. 25b, Table 16).
In August 1993, the entire study region was covered with sea ice (Lascara et ah,
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Fig. 24. Distribution of the percent root mean square (RMS) difference between the 
simulated and observed light field integrated from the surface to the euphotic depth 
for (A) January 1993 and (B) November 1991.
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Fig. 25. Daily mean chlorophyll concentration integrated over the euphotic depth 
(mg Chi m-2 ) for (A) January 1993, (B) March 1993, (C) August 1993, and 
(D) November 1991. The model domain for each time period coincides with the 
region surveyed during cruises to the WAP. Areas where the phytoplankton com­
munity structure is dominated by diatoms are indicated by circles. Those areas 
dominated by prymnesiophytes are indicated by filled squares. Areas in which no 
particular phytoplankton assemblage dominates are indicated by the small crosses. 
The dotted line indicates the 1000-nvisobath.
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1999; Prezelin et al., 2004) and light levels were lowest (Table 16). As a result, 
the chlorophyll concentrations at this time were lowest (Fig. 25c, Table 16). Little 
difference in concentration was obtained for diatom- or prymnesiophyte-dominated 
regions (Fig. 25c, Table 16). A similar pattern was obtained for November 1991 
(Fig. 25d) with overall low primary production values and small differences in con­
centration between diatom- and prymnesiophyte-dominated communities (Fig. 25d, 
Table 16).
IV.2.1.3 Photosynthesis versus Irradiance Parameter Distribution
The overall distribution of the maximum photosynthetic rate, Pr^ QX, averaged 
over the WAP continental shelf euphotic zone shows lower values in the inner- and 
mid-shelf regions and higher values along the outer-shelf (Fig. 26): Unlike other 
properties, such as PAR and chlorophyll concentration, the maximum photosynthetic 
rate did not show seasonal dependency (Table 16).
In January 1993, the highest P^ax values (maximum of 5.1 mg C mg Chi-1 h -1 ) 
were along the shelf break region (Fig. 26a). The maximum photosynthetic rates in 
the inner- and mid-shelf regions were about 1.7 to 1.9 mg C mg Chi-1 h-1 . The 
highest P,flax values were associated with regions where the phytoplankton commu­
nity structure was dominated by prymnesiophytes (Fig. 26a). However, the mean 
value associated with diatoms was higher than that for prymnesiophytes (Table 16).
The distribution of the maximum photosynthetic rate in March 1993 was similar 
to that in January 1993 (Fig. 26b, Table 16), with higher values in the northern outer- 
shelf region. Unlike January 1993, the highest P^ax value (5.8 mg C mg Chi-1 h-1 ) 
was associated with regions where diatoms dominated the phytoplankton community 
structure (Fig. 26b, Table 16).
August 1993 was characterized by the lowest values for PAR, chlorophyll concen­
tration, and primary production (Table 16). However, the maximum photosynthetic 
rate during austral winter showed higher photosynthetic potential than that in sum­
mer and fall (Fig. 26c, Table 16), which indicates that the photophysiological po­
tential of phytoplankton remains high during the winter. Thus, low winter primary 
production rates can be attributed to low PAR and low chlorophyll concentrations. 
Overall the diatom-dominated regions showed higher P £ ax (3.8 mg C mg Chi-1 h -1 ) 
than did the prymnesiophyte-dominated regions (3.3 mg C mg Chi-1 h -1 ) (Fig. 26c, 
Table 16), but the difference was not significant.
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Fig. 26. Maximum photosynthetic rate {P^ax) averaged over the euphotic depth 
(mg C mg Chi-1 h-1 ) for (A) January 1993, (B) March 1993, (C) August 1993, 
and (D) November 1991. The model domain for each time period coincides with  
the region surveyed during cruises to the WAP. Areas where the phytoplankton  
community structure is dominated by diatoms are indicated by circles. Those areas 
dominated by prymnesiophytes are indicated by filled squares. Areas in which no 
particular phytoplankton assemblage dominates are indicated by the small crosses. 
The dotted line indicates the 1000-m isobath.
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Fig. 27. Light-saturated photosynthetic efficiency averaged over the euphotic depth 
(mg C mg Chi-1 h-1 (fixnol photons m -2 s-1 )-1 ) for (A) January 1993, (B) March 
1993, (C) August 1993, and (D) November 1991. The model domain for each time 
period coincides with the region surveyed during cruises to the WAP. Areas where 
the phytoplankton community structure is dominated by diatoms are indicated by 
circles. Those areas dominated by prymnesiophytes are indicated by filled squares. 
Areas in which no particular phytoplankton assemblage dominates are indicated by 
the small crosses. The dotted line indicates the 1000-m isobath.
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The results for November 1991 (Fig. 26d) showed a significant increase in P Bax 
for prymnesiophyte-dominated communities relative to the diatom-dominated com­
munities (Fig. 26d, Table 16). The prymnesiophyte-dominated communities for this 
time had the highest maximum photosynthetic rate (10 mg C mg Chi-1 h-1 ) esti­
mated for all seasons. This result indicates that not only PAR but also the maximum  
photosynthetic rate, P Bax, contributed to the increased primary production in the 
spring (Table 16).
The distribution of the photosynthetic efficiency, a B, averaged over the WAP con­
tinental shelf euphotic zone, is similar to that of P Bax (Fig. 26), with lower values the 
inner- and mid-shelf regions and higher values along the outer-shelf (Fig. 27). The 
similar distribution pattern between a B and P Bax reflects the co-variation between 
the two parameters.
In January 1993, the higher a B values were along the shelf break region (Fig. 27a), 
with the highest value being 0.1 mg C mg Chi-1 h-1 (//mol photons m~2 s-1 ) -1 . 
The photosynthetic efficiencies estimated for the inner- and mid-shelf regions were 
about 0.0250 to 0.0254 mg C mg Chi-1 h-1 (//mol photons m-2 s-1 ) -1 . The highest 
a B values were associated with regions where the phytoplankton community struc­
ture was dominated by prymnesiophytes and chlorophytes (Fig. 27a). However, the 
mean value associated with diatoms was higher than that for prymnesiophytes, but 
the magnitude of the difference between the two groups of phytoplankton was not 
significant (Table 16).
The distribution of the photosynthetic efficiency in March 1993 was similar to 
that in January 1993 (Fig. 27b, Table 16), with higher values found along the outer- 
shelf region. The highest a B value (0.08 mg C mg Chi"1 h-1 (//mol photons m“2 
s"1) - 1) was associated with regions where diatoms dominated the phytoplankton 
community structure (Fig. 27b, Table 16). The magnitude of the difference in a B 
estimated for the two groups of phytoplankton was not significant (Table 16), with 
overall higher photosynthetic efficiency associated with prymnesiophyte-dominated 
communities.
The photosynthetic efficiency estimated for August 1993 was higher than values 
obtained for summer and fall (Fig. 27c, Table 16). This indicates that the photo­
synthetic efficiency of the phytoplankton was increased during the winter in spite of 
reduced PAR. The diatom-dominated regions overall showed lower a B values (0.064
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mg C mg Chi-1 h-1 (//mol photons m-2 s-1 )-1 ) than did the prymnesiophyte- 
dominated regions (0.068 mg C mg Chi-1 h-1 (//mol photons m-2 s -1 )-1 ) (Fig. 27c, 
Table 16), but the magnitude of difference between the two regions was not signifi­
cant.
The result in November 1991 (Fig. 27d) showed an increase in a B in 
prymnesiophyte-dominated communities; whereas, diatom-dominated communities 
showed a decrease (Fig. 27d, Table 16). Prymnesiophyte-dominated communities 
had a mean value (0.093 mg C mg Chi-1 h-1 (//mol photons m ~2 s-1 ) -1 ) that was 
higher than that of diatom-dominated communities (0.046 mg C mg Chi-1 h-1 (//mol 
photons m -2 s-1 )-1 ), and the magnitude of difference between the two species was 
highly significant (Table 16).
IV.2.1.4 Simulated Primary Production Distribution
The distribution of daily simulated primary production integrated over the eu: 
photic zone, over the WAP continental shelf shows a  pattern similar to that of 
chlorophyll concentration (Fig. 25), with higher production in the inner- and mid­
shelf regions and lower production along the outer-shelf in all seasons (Fig. 28). This 
implies the simulated primary production is significantly affected by phytoplankton 
chlorophyll biomass.
In January 1993, the high simulated primary production values were in the north­
ern portion of the shelf region (Fig. 28a), with the highest values of 1500 mg C m-2 
d-1 located in the micl-shelf region. Primary production values in the southern study 
region were about 80% (200 mg C m-2 d-1 ) lower. The highest primary production 
values were associated with regions where the phytoplankton community structure 
was dominated by prymnesiophytes and chlorophytes (Fig. 28a, Table 16).
The distribution of the simulated primary production in March 1993 was similar 
to that in January 1993 (Fig. 28b, Table 16), with higher production in the northern 
part of the study region. However, unlike January, the highest primary production 
values (580 mg C m-2 d-1 ) were associated with regions where diatoms dominated 
the phytoplankton community structure (Fig. 28b, Table 16).
The lowest primary production occurred in August 1993 (Fig. 28c, _ Ta­
ble 16). Diatom-dominated regions overall showed higher primary production than 
prymnesiophyte-dominated regions (Fig. 28c, Table 16), but the magnitude of dif­
ference was not significant.
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Fig. 28. Simulated daily primary production integrated over the euphotic depth 
(mg C m-2 d-1 ) for (A) January 1993, (B) March 1993, (C) August 1993, and 
(D) November 1991. The model domain for each time period coincides with the 
region surveyed during cruises to the WAP. Areas where the phytoplankton com­
munity structure is dominated by diatoms are indicated by circles. Those areas 
dominated by prymnesiophytes are indicated by filled squares. Areas in which no 
particular phytoplankton assemblage, dominates are indicated by the small crosses. 
The dotted line indicates the 1000-m isobath.
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Table 17
Characteristics of the simulations used to test the sensitivity of the simulated pri­
mary production obtained from the bio-optical model to variations in processes and 
parameters. See text for details
Simulation Characteristics
Baseline No inhibition, no threshold, no clouds, no diel periodicity,
no action spectra
Simulation 1 Spectrally-neutral cloud correction algorithm with
given cloudiness conditions
Simulation 2 Spectrally-resolved cloud correction algorithm with
given cloudiness conditions
Simulation 3 Depth-invariant, time-corrected P vs. I parameters and
clear sky conditions
Simulation 4 Depth-variant diel periodicity of P vs. I parameters and
clear sky conditions
Simulation 5 Photoinhibition with clear sky conditions
Simulation 6 Photoinhibition with a threshold value
Simulation 7 Phytoplankton action spectra with clear sky conditions
The simulated primary production distribution for November 1991 (Fig. 28d) was 
somewhat different from that obtained for August 1993. The primary production 
values estimated for diatom- and prymnesiophyte-dominated communities were sig­
nificantly increased over the August 1993 values (Fig. 28d, Table 16). Diatom- and 
prymnesiophyte-dominated communities showed a  5- and 9-fold increase in simulated 
primary production values, respectively. Given the small increase in chlorophyll con­
centrations that occurred in November 1991 relative to August 1993 (Fig. 25d versus 
Fig. 25c), this result indicates that other factors, such as light availability, had a sig­
nificant effect on primary production. The underwater PAR was much higher in 
November 1991 than that August 1993 (Table 16).
IV.2.1.5 Sensitivity Analyses
The bio-optical model includes processes'and parameters that, when modified, 
can potentially affect the simulated results. Thus, a series of sensitivity simulations 
were done to investigate the effect of variations in cloud cover correction algorithms, 
time and depth variations in photosynthetic parameters, photoinhibition effects, and 
the effect of the specified action spectra on estimated primary production (Table 17).
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Table 18
Percent RMS difference in areal-averaged, euphotic zone-averaged, simulated pri­
mary production for the 4 seasons and for the diatom- and prymnesiophyte- 
dominated areas of the WAP continental shelf. The percent RMS difference is 
calculated relative to the results from the baseline simulation (Table 17). Char­
acteristics of the individual simulations are given in Table 17. The photoinhibition 












Simulation 1 Diatom -8 -13 -16 -16
Prymnesiophytes ' -8 -15 -13 -15
Simulation 2 Diatom -7 -12 -14 -15
Prymnesiophytes -7 -14 -12 -14
Simulation 3 Diatom 24 21 28 22
Prymnesiophytes 23 20 . 31 20
Simulation 4 Diatom 77 81 76 126
Prymnesiophytes 74 87 88 133
. Simulation 5 Diatom -50 -40 -55 -38
Prymnesiophytes -41 -46 -62 -31
Simulation 6 Diatom -26 -24 -31 -26
Prymnesiophytes -21 -33 -35 -20
Simulation 7 Diatom 219 91 114 208
Prymnesiophytes 282 91 115 278
To provide a baseline for comparison, the bio-optical model was implemented for the 
WAP continental shelf region for conditions of no photoinhibition in photosynthesis, 
no threshold light effect in photoinhibition, no clouds, no diel periodicity in P vs. I 
parameters, and no action spectra for phytoplankton (Table 17). The results of the 
sensitivity simulations were then compared to those from the baseline simulation 
to obtain a percent RMS difference which provides a quantitative measure of the 
relative effect of process and parameter variations on simulated primary production.
Inclusion of a spectrally-neutral cloud cover algorithm in the RT model reduces 
integrated primary production in all seasons- (Table 18, simulation 1) relative to 
the results obtained for no clouds. The reduction in summer primary production 
is the smallest. The reduction in primary production in the other three seasons is 
somewhat larger and is about the same. Inclusion of a spectrally-dependent cloud 
cover algorithm in the RT model results in a similar pattern and magnitude change in
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primary production (Table 18, simulation 2). The similarity of the results obtained 
from these two simulations suggests that the spectral characteristics of the clouds 
have little effect on the surface arriving irradiance in the WAP region.
Allowing the photosynthetic parameters to have a diel periodicity (Table 18, sim­
ulation 3) produces a 20% to 30% increase in primary production relative to the 
results obtained with constant coefficients. The increase in primary production is in­
dependent of the phytoplankton community structure and was similar for all seasons 
(Table 18). Inclusion of depth-dependent, as well as time-dependent, photosynthetic 
parameters produces increases in simulated primary production of 75% to 130% (Ta­
ble 18, simulation 4). The largest increase is in the austral spring (November 1991), 
with increases in the other seasons being similar (Table 18).
The inclusion of a photoinhibition effect in the primary production algorithm re­
sults in a reduction of primary production of 30% to 60% (Table 18, simulation 5). 
The effect of photoinhibition on primary production is similar in summer, fall and 
spring and is somewhat larger in winter. The effect is similar for diatom- and 
prymnesiophyte-dominated phytoplankton communities. If a threshold is included 
in the photoinhibition parameterization, which sets a lower limit on the light inten­
sity at which the effect becomes active, the overall reduction in simulated primary 
production is less (Table 18, simulation 6). The trend with season and phytoplank­
ton community structure is similar to that obtained from simulation 5.
Inclusion of a spectrally-dependent action spectra (a(A), see chapter III.4.3) re­
sults in increases in simulated primary production of 100% to almost 200% (Table 18, 
simulation 7). These results are for clear sky conditions (Table 17), so the actual 
realized effect will be less if actual cloudiness conditions for the WAP region are 
used. However, the sensitivity of the simulated primary production to the action 
spectra indicates the importance of spectrally-resolved process in estimating primary 
production.
IV.2.1.6 General Properties and Relationships
The photosynthetic parameter measurements for the WAP continental shelf region 
are extensive and were obtained concurrently with environmental measurements, 
such as temperature. The combined data set was used to examine relationships that 
could potentially allow the bio-optical model to be applied to other times or areas 
outside of those encompassed by the measurements. The photosynthetic parameters
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P Bax and a B are critical for the bio-optical primary production model and relation­
ships that allow estimation of these parameters, separate from direct measurements, 
would be useful.
As a first attempt at developing a general relationship, the relationship between 
P Bax and corresponding temperatures measured in WAP continental shelf waters 
was examined (Fig. 29). The range in'the value of P Bax at a given temperature is 
large and this variability is similar across all temperatures.
An overall trend in P Bax with temperature is not apparent for the WAP measure­
ments. However, two potential trends can be obtained from the measurements: one 
for temperatures between —2.0°C and —0.6°C and one for temperatures between 
—0.6°C and 2.0°C. The P Bax values in each range can be fitted with an exponen­
tial curve, which can then be used to estimate Qio (see chapter II.7) values to 
determine the dependence of P Bax on temperature. Using this approach, the Qio 
value calculated for — 2.CPC to —0.6°C was 1.9 and that for the upper tempera­
ture range (—0.6°C to 2.0°C) was 5.4. As a comparison, the Qw  computed for the 
P „aa.-temperature relationship by Eppley (1972) was 1.88, which is similar to that 
obtained for the lower temperature range (—2.0°C and — 0.6°C). However, the P^ax- 
temperature relationship given by Eppley (1972) was derived using measurements 
that were primarily from temperate latitude phytoplankton populations. Overall, 
this relationship gives P Bax values that are lower than those measured for WAP 
waters (Fig. 29). The higher Qio value estimated for P Bax for temperatures between 
—0.6°C and 2.0°C is similar to values reported by Tilzer et al. (1986), which were 4.6 
and 3.8 for temperatures of —1.5°C to 0°C and 0°C to  2.0°C, respectively. However, 
this approach, which assumes two temperature regimes, is strictly empirical and the 
delineator (—0.6°C) was chosen based on the distribution of P Bax as a function of 
temperature (Fig. 29), which does not have a biological basis. This points to the 
need for more investigation of low temperature effects on P Bax-
The photoadaptation parameter, Ek, can be obtained by examining the relation­
ship between P Bax and a B, with the slope obtained from a linear-regression between 
these measurements representing the value of Ek (Fig. 30). The values of Ek de­
rived from the linear regression range from 29 to 82 fimol photons m-2 s-1 , with the 
highest Ek values occurring in the fall and spring, and the lowest values occurring in 
the winter. Thus, the relationship obtained for Ek is consistent within a season, but 
varies between seasons. The values obtained for Ek are similar to those obtained
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Fig. 29. The relationship between maximum photosynthetic rate {P^ax) and tem­
perature obtained using all available measurements from the WAP continental shelf 
waters that were made in January, March, August, 1993 and November, 1991. The 
bars illustrate the range in P%ax for a given temperature. The /^ -te m p e r a tu r e  
relationships derived from Eppley (1972) (Eqs. 1 and 2) which are based on 20 
hours of daylight (summer, dot-dash line) and 4 hours of daylight (winter, solid line) 
for cell growth are shown. Also shown for comparison is the relationship given in 
(Behrenfeld and Falkowski, 1997) (dashed line).
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Fig. 30. The relationship between the photosynthetic efficiency (a B) and maximum  
photosynthetic rate (P^ax) obtained from measurements made in WAP continental 
shelf waters in (A) January 1993, (B) March 1993, (C) August 1993, and (D) Novem­
ber 1991. The linear regression fit to  these data is indicated by the dashed line. The 
slopes for the individual regressions are 43, 82, 29, and 77 firaol photons m-2 s-1 , 
respectively. The correlation coefficient (r) for each regression is shown.
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Table 19
Comparison of the photoadaptation index, Ek (/xmol photons m 2 s 1), calculated 
for diatom-dominated and prymnesiophyte-dominated regions of the WAP continen­
tal shelf for each season. The values in parentheses are the correlation coefficients 
for the regression between P Bax and a B
Phytoplankton January March August November
Community Type 1993 1993 1993 1991
Diatom 33.8 (0.41) 73.9 (0.88) 27.4 (0.26) 78.4 (0.69)
Prymnesiophytes 31.7 (0.31) .85.0 (0.89) 9.1 (0.06) 83.9 (0.79)
from other studies of Antarctic phytoplankton (Figueiras et al., 1998; Moline et al., 
1998; Basterretxea and Aristegui, 1999; Lorenzo et al., 2002).
The value of Ek was also calculated for diatom-dominated and prymnesiophyte- 
dominated regions on the WAP continental shelf (Table 19). These values suggest 
little effect of phytoplankton species composition on the value of Ek, except in the 
winter (Table 19). However, the correlation between the maximum photosynthetic 
rate (P Bax) and a B for this time is low (Fig. 30).
IV.2.2 Results from the Ross Sea Region 
IV.2.2.1 Simulated Underwater Light field
The simulated PAR, integrated over the euphotic zone depth of the Ross Sea, 
in the summer season was 10% higher than that obtained for the spring (Fig. 31, 
Table 20). Little difference was found in the surface-arriving irradiance between 
diatom- and prymnesiophyte-dominated regions of the Ross Sea (Fig. 31, Ta­
ble 20). Compared to the PAR values of the WAP (55-62 mol photons m-2 d-1 ) 
in spring/summer season, the simulated PAR values in the Ross Sea (94-105 mol 
photons m ~2 d-1 ) were higher (Tables 16, 20).
The accuracy of the simulated light field was evaluated by comparisons with op­
tical measurements made in the Ross Sea in January 1997 as part of the Antarctic 
Environment and Southern Ocean Process Study (AESOPS) cruises (USJGOFS, 
2003). Spectrally-resolved underwater light measurements are not available for the 
two time periods used in this'study. During AESOPS, underwater light measure­
ments were obtained at six spectral bands, 410, 445, 490, 510, 555 and 665 nm. 
These measurements were used to calculate the percent RMS difference between
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Fig. 31. Simulated daily PAR integrated over the euphotic zone depth (mol photons 
m -2 d"1) for (A) November-December 1994, and (B) December 1995-January 1996. 
The bio-optical model was implemented at the sites where stations were occupied 
during the two cruises which are indicated by the circles. The shading of each circle 
indicates the magnitude of the PAR values. Heavy dotted line indicates the 1000-m 
isobath.
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Table 20
Comparison of the simulated euphotic zone (ez) integrated photosynthetically avail­
able radiation (P A R tz), chlorophyll concentration (C hlez), maximum photosynthetic 
rate ( P ^ .) ,  photosynthetic efficiency (a B, mg C mg Chl-1 h-1 (/nnol photons in-3  
s-1 )-1 ), and simulated euphotic zone (ez) integrated primary production (P P ez). 
Values are computed for diatom- and prymnesiophyte-dominated areas of the Ross 
Sea. For November-December 1994, there were no diatom-dominated areas in the 







P A R  ez Diatom NA 101
(mol photons m - 2 d-1 )Prymnesiophytes 94 105
C hl ez Diatom NA 87
(mg Chi m-2) Prymnesiophytes 94 98
Pmax Diatom NA 2.2
(mg C mg Chi-1 h-1 ) Prymnesiophytes 2.0. 3.0
a 5 Diatom NA 0.089
Prymnesiophytes 0.071 0.092
■ P P e * Diatom NA 3301
(mg C in-2 d-1 ) Prymnesiophytes 3442 4962
simulated and observed PAR over the euphotic zone (Fig. 32, Table 21).
Over most of the region included in this study, the percent RMS difference be­
tween the simulated and observed underwater light field was less than 20% (Fig. 32, 
Table 21). The largest difference of about 40% occurred in the southwestern part of 
the study region (Fig. 32), which is likely due to the low packaging effect and high 
chlorophyll-specific absorption coefficient (a*hyt0) of the phytoplankton cells in the 
southwestern Ross Sea continental shelf waters (Arrigo et al., 1998a). Unlike the 
WAP continental shelf waters, where glacial runoff is major source of spatial and 
temporal variability in optical properties (Dierssen and Smith, 2000), glacial runoff 
in the Ross Sea does not have an appreciable effect on the optical properties of water 
in the southwestern Ross Sea (Arrigo et al., 1998a). These comparisons indicate that 
the bio-optical model provides reasonably accurate distributions of the underwater 
light field.
IV.2.2.2 Input Chlorophyll Distribution
To begin the analysis of the fate of phytoplankton primary production on the





A '■ : :
 t  ; .......~ -{--r .7 A .i





0 20 40 60 80 100
Percent RMS difference (%)
Fig. 32. Distribution of the percent root mean square (RMS) difference between the 
euphotic zone-integrated simulated and observed underwater light field for (A) 410 
nm, (B) 445 nm, (C) 490 11m, (D) 510 nm, (E) 555 nm, and (F) 665 nm. The RMS 
difference was calculated using observations from the January 1997 AESOPS cruise, 
which are available from USJGOFS (2003). The shading of each circle indicates the 
magnitude of the percent RMS difference. Heavy dotted line indicates the 1000-m 
isobath.
I
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Table 21
The percent root mean square (RMS) difference and standard deviation obtained 
between the observed and simulated light values at six spectral bands. Observations 











410 94 1.6 16 17
445 96 2.6 14 18
490 84 3.3 16 15
510 48 5.5 20 10
555 43 5.2 24 10
665 50 0.0 38 9
Ross Sea continental shelf, a reference simulation was established using the bio- 
optical primary production model. As was done for the WAP continental shelf, the 
•chlorophyll distribution was first obtained from observations.
The daily mean chlorophyll integrated over the euphotic zone shows concentra­
tions greater than 30 mg Chi in-2 over most of the region surveyed in November- 
December 1994 and December 1995-January 1996 (Fig. 33). In November-December 
1994, the highest chlorophyll concentrations were in the southern Ross Sea (Fig. 33a), 
with the highest concentration of 135 mg Chi m-2 occurring at the eastern-most sta­
tion. Chlorophyll concentrations at the northern sampling sites were about 70% (40 
mg Chi m-2) lower. The highest chlorophyll concentrations were associated with 
regions where the phytoplankton community structure was dominated by prymne­
siophytes and chlorophytes (Fig. 33a, Table 20), which is similar to what was found 
for the WAP (Fig. 25a, Table 16).
The distribution of the daily mean chlorophyll concentration integrated over the 
euphotic zone between December 1995 and January 1996 also showed higher con­
centrations in the southern Ross Sea (Fig. 33b, Table 20). The highest chlorophyll 
concentration was 150 mg Chi m -2 which was 80% higher than the lowest chloro­
phyll concentration of 34 mg Chi m“2. The high chlorophyll concentrations were 
also associated with regions where prymnesiophytes dominated the phytoplankton 
community structure (Fig. 33b, Table 20). Differences in chlorophyll concentration 
between the spring and summer were not significant (Table 20).
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Fig. 33. Daily chlorophyll concentration integrated over the euphotic depth (mg 
Chi m-2 ) for (A) November-December 1994, and (B) December 1995-January 1996. 
Locations where observations are available to construct a chlorophyll distribution  
are indicated by the circles. The shading of each circle indicates the magnitude of 
the chlorophyll concentration. Heavy dotted line indicates 1000 m isobath.
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IV.2.2.3 Photosynthesis versus Irradiance Parameter Distribution
The distribution of the maximum photosynthetic rate, P Bax, averaged over the 
euphotic zone, over the Ross Sea continental shelf (Fig. 34) shows a similar pattern 
to that of chlorophyll concentration (Fig. 33), with higher values of P Bax hi the 
southern regions and lower values in the northern continental shelf.
In November-December 1994, the high P Blax values were in the southeastern por­
tion of the shelf region (Fig. 34a), with the highest values of 4.2 mg C mg Chi-1 
h-1 occurring in the southwestern Ross Sea. The lowest P Bax, about 0.2 mg C mg 
Chi-1 h-1 , was found in the northern portion of the Ross Sea region.
The distribution of the maximum photosynthetic rate between December 1995 
and January 1996 shows highest values of P Bax (4.9 mg C mg Chi-1 h-1 ) in the 
prymnesiophyte-dominated area of the southwestern Ross Sea. The highest P Bax 
value for the diatom-dominated area was 2.9 mg C mg'Chi-1 h -1 . The mean value 
of the daily maximum photosynthetic rate ranged from 2.0 to 3.0 mg C mg Chi-1 
• h-1 during the spring and summer in the Ross Sea (Table 20), which is a smaller 
range relative to that obtained for the WAP (Table 16). This indicates that the 
photosynthetic potential of phytoplankton in the Ross Sea is lower than that for 
phytoplankton from the WAP, possibly, resulting from higher micronutrient stress 
in Ross Sea phytoplankton populations (Olson et al., 2000; Hiscock et al., 2003). 
The higher overall primary production rates in the Ross Sea (Table 20) relative to 
those in the WAP (Table 16) arises because of the higher chlorophyll biomass in the 
Ross Sea despite the lower photosynthetic potential.
The distribution of the photosynthetic efficiency, a B, averaged over the euphotic 
zone (Fig. 35), is similar to that obtained for P Bax (Fig. 34), with higher values of a B 
occurring in the southwestern Ross Sea continental shelf region. The mean value of 
the photosynthetic rate ranged from 0.07 to 0.09 mg C mg Chi-1 h-1 (/imol photons 
m-2 s-1 )-1 during the spring and summer seasons in the Ross Sea (Table 20).
In November-December 1994, the estimated a B values were high in the south­
eastern portion of the Ross Sea shelf region (Fig. 35a), with the highest values of 
0.2 mg C mg Chi-1 h-1 (//mol photons m-2 s-1 )-1 found in the southwestern Ross 
Sea. The lowest a B of about 0.006 mg C mg Chi-1 h-1 (nmol photons m -2 s-1 ) -1 , 
was found at the northern sampling locations.
The distribution of the photosynthetic efficiency estimated for December 1995
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Fig. 34. Maximum photosynthetic rate (P^as) averaged over the euphotic depth 
(mg C mg Chi-1 h-1 ) for (A) November-December 1994, and (B) December 1995- 
January 1996. Locations where the bio-optical model was implemented are indicated 
by the circles. The shading of each circle indicates the magnitude of P ^ . .  Heavy 
dotted line indicates the 1000-m isobath.
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Fig. 35. Light-saturated photosynthetic efficiency (aB) averaged over the euphotic 
depth (mg C mg Chi-1 h_1 (nmol photons m“2 s’ 1)"1) for (A) November-December 
1994, and (B) December 1995-January 1996. Locations where the bio-optical model 
was implemented are indicated by the circles. The shading of each circle indicates 
the magnitude of ctB. Heavy dotted line indicates the 1000-m isobath.
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to January 1996 shows highest values of a B (0.19 mg C mg Chi-1 h-1 (/zrnol pho­
tons m-2 s-1 )-1 ) in the diatom-dominated region. The highest a B value for the 
prymnesiophyte-dominated areas was 0.18 mg C mg Chi-1 h_1 (/imol photons in 2 
s"1) -1 , which is similar to values obtained for November-December 1994.
IV.2.2.4 Simulated Primary Production Distribution
The distribution of simulated daily primary production integrated over the eu­
photic zone (Fig. 36), is similar to that obtained for the chlorophyll distribution 
(Fig. 33). Higher values of primary production occur in the southern Ross Sea re­
gions and lower values are found on the the northern part of the continental shelf 
(Fig. 36).
In November-December 1994, the highest simulated primary production values 
were in the southeastern portion of the Ross Sea shelf region (Fig. 36a), with the 
highest values of 5800 mg C m"2 d-1 located in the southwestern Ross Sea. The 
.lowest primary production of about 160 mg C m-2 d-1 was also found in the south­
western Ross Sea. The mean value of simulated primary production ranged from 
3400 to 5000 mg C m-2 d-1 during the spring and summer in the Ross Sea (Ta­
ble 20), which is a larger range relative to that obtained from simulation done for 
WAP continental shelf waters (Table 16).
The distribution of the simulated primary production between December 1995 
and January 1996 was similar to that in November-December 1994, with the highest 
primary production values occurring in the southern part of the study region. The 
highest primary production value obtained for diatom-dominated areas was 5600 
mg C m-2 d-1 , which is similar to values obtained in November-December 1994. 
However, the highest primary production value (9500 mg C m-2 d_1) for the entire 
study region was associated with regions where prymnesiophytes dominated the 
phytoplankton community structure.
IV.2.2.5 Sensitivity Analyses
To examine sensitivity of the results of the bio-optical model to variations in pro­
cesses and parameters, a baseline simulation was established for the Ross Sea similar 
to what was done for the WAP (see chapter IV.2.1.5). The results of the sensitivity 
simulations were then compared to those from the baseline simulation to obtain a 
percent RMS difference. The sensitivity analysis was done using the data sets and
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Fig. 36. Simulated daily primary production integrated over the euphotic depth 
(mg C m-2 d-1 ) for (A) November-December 1994, and (B) December 1995-January 
1996. Locations where the bio-optical model was implemented are indicated by the 
circles. The shading of each circle indicates the magnitude of the primary production. 
Heavy dotted line indicates the 1000-rn isobath.
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Table 22
Percent RMS difference in areal-averaged, euphotic-zone averaged, simulated pri­
mary production for the summer and for the diatom- and prymnesiophyte-dominated 
areas of the Ross Sea continental shelf. The percent RMS difference is calculated 
relative to the results from the baseline simulation (Table 17). Characteristics of the 




Simulation 1 Diatom -2
Prymnesiophytes -2
Simulation 2 Diatom -2
Prymnesiophytes -2
Simulation 3 Diatom 37
Prymnesiophytes 36
Simulation 4 Diatom 102
Prymnesiophytes 98
Simulation 5 Diatom -48
Prymnesiophytes -49
' Simulation 6 Diatom -35
Prymnesiophytes -36
Simulation 7 Diatom 131
Prymnesiophytes 133
bio-optical model for December 1995-January 1996 because of the better resolution  
of these data compared to the November-December 1994 data sets. Measurements 
of a photoinhibition threshold are not available for Ross Sea phytoplankton com­
munities, so this sensitivity simulation was done using the value measured for the 
WAP.
Inclusion of a spectrally-neutral cloud cover algorithm in the RT model gives 
a small reduction (2%) in integrated primary production (Table 22, simulation 1) 
relative to the primary production obtained for conditions of no cloud cover. A  
similar small reduction in simulated primary production occurs when a spectrally- 
dependent cloud cover algorithm is used with the RT model (Table 22, simulation 2). 
This indicates that spectral characteristics of the clouds have little effect on the 
surface arriving irradiance in the Ross Sea region, similar to what was found for -the 
WAP.
Diel periodicity in the photosynthetic parameters (Table 22, simulation 3) pro­
duces a 36% to 37% increase in primary production relative to the results obtained
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with constant coefficients. The increase in primary production is independent of the 
phytoplankton community structure (Table 22). Inclusion of depth-dependent as 
well as time-dependent photosynthetic parameters increases simulated primary pro­
duction by 98% to 102% (Table 22, simulation 4) for diatom- and prymnesiophyte- 
dominated phytoplankton communities, respectively.
The inclusion of a photoinhibition effect in the primary production algorithm  
results in up to a 49% reduction in simulated primary production (Table 22, simu­
lation 5). This effect is similar for diatom- and prymnesiophyte-dominated phyto­
plankton communities and is similar to what was found for WAP continental shelf 
waters (cf. Table 18, simulation 5). If a threshold is included in the photoinhibi­
tion parameterization, the overall reduction in simulated primary production is less 
(Table 22, simulation 6), being about 36%. The use of a spectrally-dependent ac­
tion spectra (a(A)) results in increases in simulated primary production of 131% 
to 133% (Table 22, simulation 7), again highlighting the importance of including 
spectrally-resolved processes in models of phytoplankton primary production.
IV.2.2.6 General Properties and Relationships
The photosynthetic parameter measurements for the Ross Sea continental shelf 
region are not as extensive as those for the WAP and concurrent measurements of 
environmental properties, such as temperature are not available. Therefore, devel­
opment of a general .P ^-tem perature relationship is not possible. However, the 
measured P £ ax values for the Ross Sea show a wide range (0.23 to 8.01 mg C mg 
Chi-1 h-1 ) for a relatively narrow temperature range (-1.8°C - 2.0°C).
Linear regressions between measured values of P%ax and a B give values of Ek of 
18 and 29 /xmol photons m-2 s-1 for the spring and summer, respectively (Fig. 37). 
Thus, the Ek value is consistent within a season, but varies between seasons, similar 
to what was found for the WAP phytoplankton.
The November-December 1994 and December 1995-January 1996 data sets pro­
vide large-scale spatial coverage of the Ross Sea. However, these data provide limited 
seasonal resolution. Four cruises undertaken in the Ross Sea as part of AESOPS 
provide primary production data sets that encompass all seasons (USJGOFS, 2003). 
These AESOPS data were used in an attempt to obtain general parameterizations 
of photosynthetic parameters for the Ross Sea.
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Fig. 37. The relationship between the photosynthetic efficiency (a s ) and maxi­
mum photosynthetic rate (P^ax) obtained from measurements made in the Ross Sea 
continental shelf waters in (A) November-December 1994, and (B) December 1995- 
January 1996. The linear regression fit to these data is indicated by the dashed 
line. The slopes for the individual regressions are 29 and 18 /rmol photons m s , 
respectively. The correlation coefficient (r) for each regression is shown.
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Fig. 38. The relationship between net primary production and gross primary pro­
duction obtained from measurements in Ross Sea continental “
(A) November-December 1994, and (B) December 1995-January 1996. The lineai
regression fit to these data is indicated by the dashed line. The slope and the cor- 
relation coefficient (r) for the regression are 1.63 and 0.93, respectively.
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The AESOPS primary production measurements were obtained from 24-hour in­
cubations, which provide estimates of net primary production. The primary pro­
duction measurements from November-December 1994 and December 1995-January 
1996 were used to derive a factor for converting the net primary production values 
to gross primary production, which is the quantity obtained from the bio-optical 
model (Fig. 38). The conversion factor of 1.63 was derived from the linear regres­
sion between net primary production and gross primary production obtained from 
measurements (Fig. 38) and was used to scale the AESOPS net primary production 
values to gross primary production.
The bio-optical model was used to estimate primary production based on the 
measurements from the AESOPS cruises and these were compared with additional 
primary production estimates made with the bio-optical model assuming: 1) a P vs. I 
parameter set that is an arithematic mean of values measured during December 1995- 
January 1996 (summer); 2) P®xax estimated from the Eppley (1972) temperature 
relationship (Fig. 29); and 3) maximum P^ax in a water column (i.e., P^pt) estimated  
from the polynomial temperature (T) relationship given by Behrenfeld and Falkowski 
(1997) (P 0% =  1.2956 -1- 2.749 x  lO ^ T -h  6.17 x 10"2T 2 -  2.05 x  10"2T 3 +  2.462 x 
1 0 - 3J -4 _  -l 3 4 8  x 1 0 - 4y 5 +  3  4 1 3 2  x  i o - g t 6 -  3.27 x 10“8T7). For approaches 2 and 
3 the seasonal values of (Fig. 37) were used.
The percent RMS differences between the measured and simulated primary pro­
duction values obtained using these three approaches (Table 23) for each season 
show large variations. No single approach yielded good results and none was able 
to estim ate primary production to within 20% of the RMS difference. However, 
the approach based on average P vs. I parameters (approach 1) provided reasonable 
estimates for April and November 1997, and October 1996, as did the approach that 
used the Behrenfeld and Falkowski (1997) relationship. No approach worked well 
for January 1997.
IV.3 PHYTOPLANKTON CARBON BUDGET COMPARISONS
IV.3.1 Phytoplankton Carbon in the West Antarctic Peninsula Conti­
nental Shelf Waters
The fate of the phytoplankton carbon produced in the WAP continental shelf was 
examined using the results of the bio-optical primary production model, published
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Table 23
The percent RMS difference between primary production values measured during 
the four AESOPS cruises (USJGOFS, 2003) and that obtained from the bio-optical 
model using three different approaches for estimating P vs. I parameters. Values in 
parentheses represent the slope of the linear regression between the measured and 
simulated primary production values, which provides a measure of the deviation 
between the two
Approach January April October November
1997 1997 1996 1997
Average P vs. I parameter 96 (0.14) 56 (0.74) 45 (0.48) 29 (0.73)
Eppley (1972) P?„Q1.-temperature 49 (0.09) 75 (0.39) 71 (0.24) 62 (0.35)
relationship
Behrenfeld and Falkowski (1997) 309 (0.35) 49 (0.97) 29 (0.68) 36 (1.11)
P,(^.-temperature relationship
grazing rates for Antarctic krill and salps, simulated circulation distributions and 
sediment trap-derived vertical fluxes (Fig. 12). The purpose of this analysis is to 
estimate the relative effect of biological and physical processes.
Analysis of the simulated circulation fields indicated that the magnitude of the 
across-shelf component of the advective flow was larger than those for the along-shelf 
and the vertical advective flows in all seasons (Fig. 39). Thus, only the across-shelf 
flux of phytoplankton carbon is considered in the budget calculations presented 
below.
The across-shelf advective flow dominated the phytoplankton chlorophyll budget 
in all seasons and everywhere across the WAP shelf, except for the inner-shelf in 
austral summer (Fig. 40). Removal of chlorophyll by grazing was only significant for 
the inner- and mid-shelf regions in the austral summer (Fig. 40a).
The fate of the simulated primary production was next examined. These budget 
calculations include vertical sinking, which is estimated from a mid-shelf sediment 
trap, and use a POC:chlorophyll ratio of 80 to convert chlorophyll to carbon for 
estim ating removal by zooplankton grazing. Sinking of phytoplankton cells was 
based on the rates given in Table 10 and assumed a sinking portion of phytoplankton 
cells of 50% for the inner- and mid-shelf and 20% for the outer-shelf, respectively 
(Bodungen et al., 1986).
In January 1993, sinking was an important process controlling the fate of phy­
toplankton daily primary production for all parts of the WAP continental shelf
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Fig. 39. Comparison of the magnitude of the along-shelf (re), across-shelf (y), and 
vertical (z) velocity component in terms of chlorophyll advection for: (A) January 
1993, (B) March 1993, (C) August 1993, and (D) November 1991. Advective veloc­
ities were vertically averaged between 0 and 120 m and horizontally averaged over 
the portion of the WAP continental shelf included in each study area. Vertical lines 
represent variances.
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Fig. 40. Comparison of the magnitude of the effect of across-shelf advection and 
zooplankton (krill and salp) grazing on phytoplankton chlorophyll estimated in the 
inner-, mid- and outer-shelf regions of the WAP continental shelf in (A) January 
1993, (B) March 1993, (C) August 1993, and (D) November 1991. Advective and 
grazing magnitudes are integrated between 0 and 120 m and averaged over each shelf 
region. The chlorophyll concentration in each regions was obtained from observa­
tions.
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Table 24
Comparison of the contribution of across-shelf advection, grazing and sinking on the 
fate of daily primary production in WAP continental shelf waters. Values are given 
as percent contribution to daily primary production and negative values represent 
losses








Advection Inner-shelf -0.2 4.9 -43.3 21.1
(Across-shelf) Mid-shelf 1.8 14.1 -4.5 15.6
Outer-shelf 5.5 14.6 2.2 -3.3
Grazing- Inner-shelf -0.7 -0.3 -0.0 -0.1
Mid-shelf -1.5 -0.1 -0.0 -0.0
Outer-shelf -0.01 -0.0 -0.0 -0.01
Sinking Inner-shelf -5.9 -4.0 -0.1 -2.1
Mid-shelf -4.8 -4.3 -0.1 -3.2
Outer-shelf -2.8 -2.5 -0.03 -0.3
(Fig. 41a). Removal by grazing was important in the inner- and mid-shelf ar­
eas; whereas, across-shelf advection was the dominant process along the outer-shelf 
(Fig. 41a). At the outer-shelf, across-shelf advection can provide a carbon source 
that is up to 6% of the daily primary production (Table 24).
Across-shelf advection and sinking were the primary controls in daily primary 
production in March 1993 (Fig. 41b), with the former being the larger effect (Ta­
ble 24). Across-shelf advection potentially added up to 14% of the daily primary 
production to the outer shelf. Removal by grazing was small in all shelf regions 
(Table 24).
In austral winter across-shelf advection was the primary process controlling the 
fate of the daily primary production (Fig. 41c) in all regions of the WAP shelf. 
Contributions from grazing and sinking were negligible (Table 24). In November 
1991, across-shelf advection was still the dominant process controlling daily primary 
production, but sinking losses were increased (Fig. 41d, Table 24).
IV.3.2 Phytoplankton Carbon in the Ross Sea Continental Shelf Waters
The fate of the phytoplankton carbon produced in the Ross Sea continental shelf
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Fig. 41. Comparison of the effect of across-shelf advection, zooplankton (krill and 
salp) grazing, and sinking on phytoplankton primary production carbon estimated 
in the inner-, mid- and outer-shelf regions of the WAP continental shelf in (A) Jan­
uary 1993, (B) March 1993, (C) August 1993, and (D) November 1991. Advective, 
grazing, and sinking values are integrated between 0 and 120 m and averaged over 
each shelf region. The direction of the advective flux is not considered because the 
comparison is based on relative magnitudes.
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was examined using the results of the bio-optical primary production model, pub­
lished grazing rates for crystal krill (Sala et ah, 2002), simulated circulation distri­
butions and sediment trap-derived vertical fluxes (Fig. 13). The Ross Sea budget 
calculations include the primary production estimates made using the AESOPS data 
sets (USJGOFS, 2003) as well as those from the November-December 1994 and De­
cember 1995-January 1996 data sets. This expands the seasonal coverage of the 
budget calculations.
In this section, only the zonal flux (ii-component or east-west component) of 
phytoplankton carbon is considered in the budget calculations for the Ross Sea 
because the zonal variability in ecosystem structure and carbon fluxes in the Ross 
Sea continental shelf waters are significant (DiTullio and Smith, 1996; Goffart et ah, 
2000; Anderson and Smith, 2001).
The vertical sinking fluxes included in the budget calculations were estimated  
from sediment traps deployed in the Ross Sea continental shelf (Asper and Smith, 
.1999) (Table 12). The resultant total POC sinking fluxes apply for November and 
December. Thus, additional values of total POC flux from previous studies in the 
Ross Sea (Dunbar et ah, 1989; Smith and Dunbar, 1998; Cochran et ah, 2000), were 
used to extend the budget calculations to other seasons. The sinking portion of 
phytoplankton cells in the total POC flux was assumed to be 30% (DiTullio and 
Smith, 1996).
In January 1997, advection was the dominant process controlling the fate of phyto­
plankton daily primary production along the outer-shelf of the Ross Sea continental 
shelf (cf. Fig. 13), removing about 57% of the daily primary production (Fig. 42a, Ta­
ble 25). Grazing removed about 2% of the daily primary production in the inner- and 
mid-shelf areas (cf. Fig. 13) but was considerably less than the zonal flux (Fig. 42a, 
Table 25). Removal by sinking was the dominant process in mid-shelf (cf. Fig. 13) 
area accounting for about 19% of the daily primary production flux (Fig. 42a, Ta­
ble 25). In other regions sinking effects were small relative to zonal advection, but 
larger than grazing (Table 25).
Zonal advection and sinking were the primary controls on the fate of daily primary 
production in April 1997 (Fig. 42b). Zonal advection was the dominant process in 
the outer-shelf area; whereas, sinking was the dominant process in the mid-shelf area 
(cf. Fig. 13). Removal of daily primary production by zonal advection in the outer- 
shelf area during April 1997 was as large as 250% (Fig. 42b, Table 25). Removal by
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Fig. 42. Comparison of the effect of zonal advection, zooplankton (crystal krill) 
grazing, and sinking on phytoplankton primary production carbon estimated in the 
inner-, mid- and outer-shelf regions of the Ross Sea continental shelf in (A) January 
1997, (B) April 1997, (C) October 1996, and (D) November-December 1995. Advec­
tive, grazing, and sinking values are integrated between 0 and 150 m and averaged 
over each shelf region. The direction of the advective flux is not considered because 
the comparison is based on relative magnitudes.
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Table 25
Comparison of the contribution of zonal advection, grazing and sinking on the fate of 
daily primary production in the Ross Sea continental shelf waters. Values are given 
as percent contribution to daily primary production and negative values represent 
losses. Inner-, mid- and outer-shelf are represented in Figs. 11 and 13. Missing 
values are indicated by NA








Zonal Inner-shelf -0.7 0.04 0.3 0.7
Advection Mid-shelf 5.5 -3.5 1.5 1.4
Outer-shelf -56.9 -251.4 -15.5 -4.8
Grazing Inner-shelf -2.0 -0.7 -0.03 -0.6
Mid-shelf -2.4 -0.6 -0.02 -0.9
Outer-shelf -0.1 -0.2 NA -0.02
Sinking Inner-shelf -6.9 NA -2.1 -5.2
Mid-shelf -19.2 -221 -0.08 -0.6
Outer-shelf -5.7 • -114.5 -1.2 -0.9
zooplankton grazing was not significant, accounting for less than 1% of daily primary 
production. Somewhat higher losses of daily primary production to grazing occurred 
in the inner- and mid-shelf regions (Fig. 42b, Table 25) but again these are small 
relative to zonal advection. Sinking losses in the mid- and outer-shelf regions were 
220 and 115% of daily primary production, respectively (Fig. 42b, Table 25). These 
high sinking losses result from significant reduction in simulated primary production 
values for this time. The primary production in early winter (April 1997) was an 
order of magnitude lower than in January 1997.
In austral spring (October 1996) zonal advection was still the primary process 
controlling the fate of the daily primary production (Fig. 42c, Table 25) in the outer- 
shelf regions (cf. Fig. 13) of the Ross Sea. The contribution by zonal advection to 
the daily primary production was 16% in the outer-shelf region (Table 25). Grazing 
removal was negligible (Fig. 42c, Table-25). Sinking losses were largest in the inner- 
shelf (2%) (Table 25).
In November-December 1995, zonal advection was the dominant process control­
ling the fate of daily primary production in the outer-shelf area (cf. Fig. 13). Removal 
by zooplankton grazing was dominant in the inner- and mid-shelf areas (Fig. 42d,
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Table 25). However, the magnitude of these processes was reduced relative to what 
was observed for the previous season, which reflects the elevated primary produc­
tion values associated with the spring growing season. Sinking losses were higher 
in inner-shelf, removing 5% of the daily primary production, which is similar in 
magnitude to the removal by zonal advection in the outer-shelf area (Fig. 42d and 
Table 25). Zonal advection and sinking, rather than grazing, were the dominant 
processes controlling daily primary production during this season.




V .l CLEAR SKY RADIATIVE TRANSFER MODEL
V.1.1 Parameter Sensitivity and New Cloud Cover Correction Algo­
rithms
Gregg and Carder (1990) suggest that air mass type, visibility and ozone con­
centration are the meteorological input parameters that have the most effect on 
simulated irradiance fields obtained from the RT model. In this study, visibility and 
ozone concentration were also identified as having the most influence on simulated 
irradiances (cf. Table 15). Air mass type was not varied in this study. The sen­
sitivity to visibility and ozone concentration differed from that obtained by Gregg 
and Carder (1990), which was 12.0% and 7.0%, respectively, because of the differing 
parameter ranges and differing solar zenith angles used in this study. The parameter 
range for visibility used by Gregg and Carder (1990) was 5-25 km, which is less than 
that used in this study (Table 3). The effect of ozone concentration is more pro­
nounced at high latitude where there is a larger atmospheric path length due to the 
high solar zenith angle. Gregg and Carder (1990) used a solar zenith angle of 60°; 
whereas, that for McMurdo Station is 80°. This results in the higher sensitivity of 
the simulated irradiances to ozone concentration in this study. Reflectivity was also 
identified in this study as having a strong influence on the simulated irradiances, 
especially at sites like McMurdo Station which has a large solar zenith angle.
The comparisons of the empirical coefficients, A  and B , derived for the Sub- 
antarctic and Antarctic sites with those derived for other regions (Table 14) show 
considerable differences. The values obtained for A  at the three sites are two times 
smaller than those from all the mid-latitude sites. Because A  is related to the slope 
of the line (Eq. 7) this suggests that the effect of cloud cover on the irradiance ratio, 
g ”1'- , is less significant for the Antarctic sites than for the mid-latitude sites. Com­
parison of the value of A  among the Subantarctic and Antarctic sites shows that the 
slope decreases as latitude increases (Table 14), which indicates that higher latitudes 
are more influenced by multiple reflections between the ground and bottom  of the 
clouds (Fig. 14a).
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The values of B  estimated for the Subantarctic and Antarctic sites are also less 
than those obtained for mid-latitude locations (Table 14). This suggests that the 
curvature (Fig. 16) is reduced for high latitude regions relative to mid latitudes. 
The implication is that the cloud cover effect at high latitudes, at least for Palmer 
Station and Ushuaia, is approximately linearly related to the two-dimensional frac­
tional cloud cover. This supports the use of a two-dimensional cloud cover correction 
approximation for high latitude regions where stratus clouds prevail but vertically 
developed convective clouds are scarce thereby reducing the importance of three- 
dimensional cloud effects (Ricchiazzi and Gautier, 1998). This is not the case for 
McMurdo Station which has the highest B (A) value (2.09) estimated for the three 
sites. However, this value is still less than that estimated for mid latitudes (Ta­
ble 14). Interestingly, the value of B  estimated for McMurdo Station is close to the 
one obtained for the Seattle, WA region, which experiences considerable cloudiness 
throughout the year. The fraction of cloudy days (50% of sky is covered) in the to­
tal observations is similar between the two sites, 60% for Seattle, WA (Davis, 1995) 
versus 67% for McMurdo Station.
The newly derived values of A  and B  differ from those reported for other regions 
(Table 14) and also are greater than the theoretical value of 1.0 for B, which occurs 
when cloud type and fractional change in cloud cover are the same. In this case, 
the radiant energy flux is linearly related to cloud cover. However, two factors can 
make B  larger than 1.0. First, the observed cloudiness, expressed in oktas or tenths, 
is often biased because observers report values that are too high relative to other 
measures such as those obtained from satellites (Warren et al., 1987; Rossow et ah, 
1993; Hahn et ah, 1995, 2001). Satellite or lidar observations look straight down 
or up, respectively, which determine for a specific point on Earth only clouds or no 
clouds. By averaging in time and space, mean values are obtained. However, cloud 
observations by an observer include the whole sky, and estimate the mean cloudiness 
for a specific point. To an observer looking toward the horizon, cloud cover appears 
more extensive than it actually is, which introduces bias into the observation. As a 
result, near clear or near totally cloudy conditions are usually measured accurately, 
but intermediate cloudiness values contain more subjectivity. Second, often, as the 
cloud fraction increases, so does the vertical extent of clouds, so that they become 
thicker as cloud cover approaches full cloudiness, which appears as more extensive 
cloud cover than actual conditions (Ricchiazzi and Gautier, 1998; Chen et ah, 2000).
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These observations give higher values, as clouds have also a vertical dimension, which 
leads to an overestimation of broken cloudiness when compared to the satellite or 
lidar observations.
The values of B  estimated from this study for Palmer Station and Ushuaia are 
1.43 and 1.48, respectively. These values suggest that the fractional cloud cover 
measurements from these sites are reliable and that the two-dimensional assump­
tion of the cloud cover correction algorithm is applicable to these areas for making 
comparisons of integrated irradiance values. The value of B  obtained for McMurdo 
Station exceeds the theoretical value of 1.0 by 120%, which suggests that observer 
bias may have occurred or that cloud type and fractional change in cloud cover may 
have not been the same.
The comparisons shown in Table 14 illustrate the importance of intercalibration 
of cloud cover correction algorithms derived for various locations and point to the 
need to develop these for specific regions. Also, RT models that include effects of 
multiple reflections between the surface and the bottom  of clouds on the diffuse and 
direct components of irradiance are needed.
The irradiance ratio, , for fully overcast skies for mid-latitudes is between 0.4 
and 0.6 (Lubin and Frederick, 1991). The ratio values obtained for Palmer Station  
and Ushuaia are 0.57, and 0.64, respectively, which are at the upper limit of this 
range (cf. Fig. 16). Lubin and Frederick (1991) estimated a value of 0.44 for this 
ratio at Palmer Station, which differs from the ratio value obtained in this study. 
The Lubin and Frederick (1991) value is lower because sea ice concentration during 
the time the estimate was made (1988/1989) was less than the climatological average 
(Stammerjohn and Smith, 1996), which reduces the multiple reflections between sea 
ice and clouds. The ratio value obtained for McMurdo Station is higher (0.79). 
However, the comparisons between simulated clear sky irradiances and observed 
values (Fig. 14) show that measured irradiances at McMurdo Station are affected by 
cloud cover and multiple reflections (a high albedo), which is manifest in the higher 
value obtained for the cloudiness factor at this site.
V.1.2 McMurdo Station Differences in Daily-Averaged Irradiance
McMurdo Station is located at a high latitude and, as a result, the solar zenith 
angle at this site is large relative to the two other sites (Fig. 43a). McMurdo Station 
also has higher reflectivity than Palmer and Ushuaia Station (Fig. 43b). Thus, one
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Fig. 43. Time series of (A) solar zenith angle and (B) reflectivity measured at 
McMurdo Station (— ), Palmer Station (• • •), and Ushuaia ( -  • - )  for the time 
included in this study.
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explanation for the underestimation of the irradiance values at McMurdo Station by 
the RT model is that, although the modified RT model includes albedo (reflectivity) 
effects, it does not include multiple reflections between the bottom of the clouds and 
the high albedo surface. Multiple reflections between the ground surface and the 
bottom  of the clouds is important, especially for a highly reflective surface (Nann and 
Riordan, 1990; Wendler et al., 2004), and can increase the measured solar radiation 
by a  factor of 2 or more in overcast conditions (Gardiner, 1987).
Another explanation for the underestimation of the daily-averaged irradiances at 
McMurdo Station is mis-matches in the data sets that are input to the RT model. 
The meteorological measurements used with the RT model are either monthly- 
averaged or climatological values; whereas, the irradiance measurements are daily 
averaged. Also, the cloud cover estimates were obtained by averaging and integrat­
ing measurements that are obtained at irregular and infrequent time intervals at 
this site. The latter may have a large effect because cloud cover is a primary factor 
.influencing the irradiance arriving at the surface.
V.1.3 Short Wavelength Radiation Issues
The simulated irradiances obtained with the RT model compared poorly with ob­
served irradiances for wavelengths shorter than 330 nm at all three sites (cf. Fig. 20). 
The simulated values consistently underestimated observed irradiances. This mis­
match is illustrated by the slope of the linear regression between the observed and 
simulated irradiances (Fig. 44). The slope decreases asymptotically to 1 as wave­
length gets longer, with this being most pronounced at McMurdo Station. This 
indicates that the simulated irradiances are lower than observed values for clear sky 
conditions at a given wavelength.
The clear sky RT model provides realistic simulations (r 2 >  70%) of irradi­
ance for wavelengths between 330-620 nm with a few exceptions at the three sites 
(cf. Fig. 19c). The implication is that the empirical power function cloud cover 
correction algorithm is not applicable for wavelengths between 280-320 nm at these 
sites.
One possible explanation for the problem at short wavelengths is multiple reflec­
tion between the bottom of the clouds and the ground and/or sea surface. Multiple 
reflection of photons between a cloud base and a snow or ice surface can vary the 
shortwave surface irradiance significantly, often doubling the downwelling irradiance
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Fig. 44. Wavelength-dependent slope obtained from linear regression between ob­
served and simulated irradiances for clear sky conditions at (A) McMurdo Station, 
(B) Palmer Station, and (C) Ushuaia.
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relative to an open ocean surface (Gardiner, 1987).
According to Bartlett et al. (1998), clouds are generally white or light gray in color, 
and downwelling irradiance that passes through the cloud and reaches the Earth’s 
surface is then reflected with a reflectivity determined by the ground albedo, yield­
ing upwelling irradiance. Part of the upwelling irradiance is then reflected off the 
spectrally neutral bottom surface of the overlaying clouds, yielding downwelling ir­
radiance. This multiple reflection process is spectrally neutral and simply increases 
the magnitude of the downwelling irradiance. Part of this reflected irradiance is 
then scattered back toward the Earth’s surface by atmospheric constituents. The 
scattering is greater at shorter (blue) wavelengths than at longer (red) wavelengths, 
so the resulting downwelling irradiance is shifted to shorter wavelengths relative to 
irradiance under clear sky conditions (Bartlett et al., 1998). These processes are 
not included in the RT model used in this study. A recent study by Wendler et al. 
(2004) describes the effect of multiple reflection and albedo on the net radiation 
. in Antarctica and shows that the net radiation was a strong function of both frac­
tional cloud cover and surface albedo. They found that incoming global radiation 
was higher under overcast conditions than for clear sky conditions when a highly 
reflecting surface was present (high reflectivity).
The RT model used the surface albedo measured at one wavelength. However, the 
effect of surface albedo on the irradiance (especially, on the UV part of the light spec­
trum) can be wavelength-dependent as a result of multiple reflection (Smith et al., 
1992). The snow albedo, in particular, is variable at short wavelengths depending on 
the snow condition (Wiscombe and Warren, 1980; Grenfell et al., 1994). Therefore, 
the surface albedo effects on the UV-B portion of the irradiance spectrum may have 
been strong. The behavior of model in the short wavelengths can be improved by 
explicit inclusion of the multiple reflection process.
V.1.4 Cloud Issues
In this study, the effect of cloud type on the radiant flux was not considered. 
Variation of cloud type can be as important as fractional cloud coverage in changing 
the magnitude and spectral shape of the radiant flux (Chen et al., 2000). Exclusion of 
the effect of the three-dimensional morphology of clouds in this study could explain 
some of the differences in the simulated irradiances and measurements for cloudy 
conditions. Clouds in high latitude regions have limited vertical extensions and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
119
conform to an idealized plane-parallel stratiform structure (Lubin and Frederick, 
1991), but these characteristics may not be always persistent. The cloud types most 
frequently observed at the three sites used for this study were low-level clouds, such 
as stratus and stratocumulus, and mid-level clouds, such as nimbostratus, altostratus 
and altocumulus. Variations in the seasonal and spatial characteristics of these cloud 
types were small at the three sites over the year round.
The microphysical properties of clouds will affect the magnitude and shape of the 
radiant flux. This represents a potentially important processes that affects radiant 
fluxes at high latitudes (Saxena and Ruggiero, 1990). However, inclusion of such 
detail in RT models must await observations that allow parameterization of the 
processes.
V.1.5 Generalization of Cloud Cover Correction Algorithms
The cloud cover correction algorithms derived for the Subantarctic and Antarctic 
■ sites used in this study can be generalized for application to other areas of the 
Southern Ocean. The constant coefficients (A(A)) derived for the three sites show 
a regional dependence and the spectral dependency of this coefficient is neutral for 
wavelengths larger than 330 nm (cf. Fig. 19a). Thus, a value of A  could be estimated 
for a range of latitudes between 55° 'and 78° using the trends in the spectrally- 
averaged values of A  (Table 14) obtained from this study. This could then be used 
for A(A) for A >  330 nm.
The regional dependency of B (A) is not as strong as that for A(A) (cf. Fig. 19b 
vs. a). However, the same trend is suggested by the spectrally-averaged value of B  
(Table 14). The spectral dependency of B (A) is also neutral for wavelengths >  330 
nm (cf. Fig. 19b). Thus, values for this coefficient for a range of locations in the 
Antarctic could also be estimated, similar to the approach used for A.
Values of A(X) and B (A) for wavelengths between 330-400 nm should be deter­
mined for individual sites. The results from this study suggest that these cannot be 
generalized for the entirety of the Southern Ocean.
V.2 SIMULATION OF PRIMARY PRODUCTION 
V.2.1 Primary Production Simulation
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Table 26
Measured primary production values from WAP continental shelf waters
Location Time Primary Production 
(g C m-2 d-1 )
Reference
Gerlache Strait Summer 0.4-3.2 El-Sayed (1970)
65°S 64°W December-
February
0.1-6.9 Moline and Prezelin (1997)
62-65°S 60-61°W Winter 0.001-0.007 Brightman and Smith (1989)
61-63°S 54-60°W November- 0.2-1.6 Bodungen et al. (1986)
December
64°S 64°W Spring-Summer 1.1 - 6.6 Moline and Prezelin (1996)




0.04 - 0.3 Kim et al. (1998)
Measured rates of primary production from WAP coastal and shelf waters (Ta­
ble 26) show maximum values in summer and minimum values in winter. This overall 
pattern in the simulated primary production rate (Fig. 28, Table 16) for the WAP 
is similar. The spring-summer simulated primary production rates were between 0.4 
and 0.9 g C m-2 d-1 (Table 16), which is within the range of measured values. The 
simulated winter primary production rate of 0.1 g C m-2 d-1 (Fig. 28, Table 16) is 
higher than reported winter measurements (Table 26) because of the higher chloro­
phyll concentration present in August 1993. relative to concentrations present at the 
time the measurements reported in Brightman and Smith (1989) were made. The 
simulated winter primary production rate is within the range of primary production 
measurements reported in Kottmeier and Sullivan (1987) and Kim et al. (1998).
Measured primary production rates from the Ross Sea range from a maximum of 
about 4 g C m~2 d-1 in the summer to to a minimum of 0.02 g C m-2 d-1 in the late 
fall (Table 27). The simulated primary production rates obtained for the Ross Sea 
are 3 to 4 g C m-2 d_1 during late spring to early summer season, which is within 
the range of measured values (Table 20).
The simulated primary production rates obtained for the Ross Sea for the period 
November to January were 3 to 4 times higher than the simulated rates in WAP 
water for the same time (Tables 16, 20). This difference occurred even though the 
assimilation numbers for WAP (2.0 to 3.0 g C mg Chi-1 d-1 ) phytoplankton in
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spring and summer are 2-fold higher than those in the Ross Sea (1.0 to  1.2 g C 
mg Chi-1 d-1 ). The differences in the simulated primary production rates in the 
two systems can be attributed to the 3 to 4-fold difference in chlorophyll biomass 
between the two regions (Tables 16, 20). The difference in chlorophyll biomass can 
potentially be attributed to more incident solar irradiance in the Ross Sea during 
the phytoplankton growing season. For example, McMurdo Station (cf. Fig. 5, Ross 
Sea) is located at a high latitude and, as a result, the solar zenith angle at this site 
is large relative to the Palmer Station (cf. Fig. 5, WAP) (Fig. 43a) and McMurdo 
Station also has higher reflectivity than Palmer (Fig. 43b).
Table 27
Measured primary production values from different areas of the Ross Sea. Marginal 
ice-edge zone is abbreviated by MIZ
Location Time Primary Production 
(g C m~2 d-1 )
Reference
Ross Sea December to 
January
0.2-1.0 El-Sayed et al. (1983)
Ross Ice Shelf December
January
0.05-0.34 El-Sayed et al. (1983)
Western Ross Sea Summer 0.31 - 1.75 W ilson et al. (1986)
Ross Sea Summer 0.15 - 2.85 Smith et al. (1996b)
Ross Sea (polynya) November to 
December
0.7-1.1 Saggiomo et al. (1998)
Ross Sea (MIZ) November to 
December
1.0-2.7 Saggiomo et al. (1998)
Ross Sea (pack ice) November to  
December
0.3-0.6 Saggiomo et al. (1998)
Ross Sea (inshore) January to 
February
0.5-1.2 Saggiomo et al. (1998)
Ross Sea December to  
January
1.63 - 3.94 Arrigo et al. (1998c)
Ross Sea October 0.4(±0.2) Smith et al. (2000b)
Ross Sea January to 
February
0.6(±0.3) Smith et al. (2000b)
Ross Sea April • ’ 0.02(±0.006) Smith et al. (2000b)
Ross Sea November to  
December
1.2(±0.6) Smith et al. (2000b)
Another potential explanation for the differences in chlorophyll biomass in the
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two systems is differences in circulation characteristics. The Ross Sea has generally 
sluggish circulation and is dominated by polynya processes (Arrigo et ah, 1998b; 
Jacobs and Giulivi, 1998). The WAP region is primarily an advectively dominated 
area (Marr, 1962; Hofmann et al., 1996; Hofmann and Klinck, 1998b). For example, 
the relative contribution of advective processes to  the daily primary production in 
the inner- and mid-shelf area of the WAP was up to 15% (Table 24); whereas, the 
contribution was 6% for the Ross Sea continental shelf (Table 25). Additionally, the 
magnitude of advection in the inner- and mid-shelf region of WAP continental shelf 
waters (1-600 mg C m-2 d-1 , see chapter V.3.3) was overall greater than that in the 
Ross Sea (0.01-170 mg C m-2 d_1, see chapter V.3.3). Additionally, the transport 
of CDW across the shelf break in the WAP and Ross Sea shelf waters is 0.2 Sv 
(Dinniman and Klinck, in press) and 0.37 Sv (Dinniman et al., 2003), respectively. 
However, the length of the Ross Sea shelf break is 3 to 4 times longer than the WAP 
continental shelf, which gives an across-shelf velocity for the WAP shelf that is 2-fold 
.higher than that in the Ross Sea. Thus, the differences in circulation may result in 
possibly higher retention rates of phytoplankton cells in the Ross Sea relative to the 
WAP, which produces the chlorophyll biomass difference between the two regions.
A  third possible explanation for the differences in primary production rates and 
chlorophyll biomass in the WAP and Ross Sea is differences in grazing pressure in the 
two systems. Grazing by macrozooplankton was the dominant process controlling 
primary production carbon in the inner- and mid-shelf of the WAP continental 
shelf, and the contribution was up to 1.5% of the simulated primary production 
(Table 24). However, grazing pressure by macrozooplankton is overall known to be 
less important in the Ross Sea than in the WAP (e.g. Hopkins, 1987). Removal 
of primary production carbon by mesozooplankton, which can be major grazers, in 
the Ross Sea (Le Fevre et al., 1998), was estimated to be less than 1% (Dubischar 
and Bathmann, 1997). Inclusion of grazing by crystal krill in the Ross Sea budget 
calculations showed that this process removed 2.4% (30 mg C m-2 d-1 ) of daily 
primary production (Table 25). Similarly, removal of primary production carbon by 
grazing in the WAP was estimated to be 23 mg C m-2 d-1 (see chapter V.3.3). The 
similarity in grazing rates by macrozooplankters in the two systems is not sufficient 
to produce a 3- to 4-fold difference in chlorophyll biomass.
A fourth possible explanation for the differences in chlorophyll biomass in the 
two systems is differences in photophysiological characteristics of the phytoplankton
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communities in the WAP and Ross Sea (P vs. I parameters). The mean value of the 
daily maximum photosynthetic rate (P £ax) in the Ross Sea (Table 20) is low relative 
to that for the WAP (Table 16) during spring and summer. This difference indicates 
that the photosynthetic potential of phytoplankton in the Ross Sea is lower than that 
in the WAP, possibly, due to micronutrient stress (Franck et al., 2000; Olson et al., 
2000; Hiscock et al., 2003). Thus, differences in photophysiology do not account 
for the differences in primary production rates and chlorophyll biomass in the two 
systems.
V.2.2 Sensitivity Analysis of Primary Production Simulation 
V.2.2.1 Temporal Resolution of Photosynthetic Parameters
Several studies have shown that incorporation of diel variation in photosynthesis, 
and hence in measured parameters used to describe photosynthesis, is an important 
part of calculations of in  situ  primary production rates (Harding et al., 1982; Prezelin 
et al., 1987a,b; Smith et al., 1987, 1989; Prezelin, 1992). This is especially true for 
Antarctic phytoplankton that experience extreme variability in the daily light-dark 
cycle (Rivkin and Putt, 1987). One study from the McMurdo Sound region of 
the Ross Sea showed that predicted daily primary production that included time- 
variations in photosynthetic parameters was 2.5 to 4 times that predicted using no 
time variations (Rivkin and Putt, 1987).
In this study, two idealized time corrections were applied to the maximum photo­
synthetic rate (cf. Fig. 9). The resulting simulated primary production for the WAP 
and Ross Sea regions was increased by 2- to 5-fold (cf. Table 18, 22). Thus, inclu­
sion of diel periodicity in photosynthetic parameters input to a bio-optical primary 
production model can significantly alter the resultant estimate of primary produc­
tion rate. Existing estimates of primary production for the WAP and Ross Sea 
may in fact be underestimates because of the use of time invariant photosynthetic 
parameters.
The inclusion of depth varying diel periodicity (cf. simulation 4 in Table 17) 
showed an overall significant effect on the resultant estimate of primary production, 
but little difference in the magnitude of primary production was found between 
diatom- and prymnesiophyte-dominated regions in the WAP (Table 18) and Ross
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Sea (Table 22). The effect of depth varying diel periodicity produced about a 2- 
fold of difference in estimated primary production relative to the constant depth 
simulation for the WAP (Table 18) and Ross Sea region (Table 22). However, the 
insensitivity of the results of algal group and location may result from using the same 
idealized time correction curve for the two systems (cf. Fig. 9). Studies do show 
taxonomical and local differences in the effect of diel periodicity (Rivkin and Putt, 
1987; Moline and Prezelin, 1997) and the effect of diel periodicity was found to be 
related to changes in phytoplankton community structure in the W AP (Moline and 
Prezelin, 1997) and the Ross Sea (Rivkin and P utt, 1987). Also, differences in the 
diel pattern of photophysiology occur between the two systems. The diel periodicity 
of photosynthesis in WAP phytoplankton communities did not change with changes 
in daylength (Moline and Prezelin, 1997); whereas, the timing of the maximum value 
of P?nax was observed to shift from midday to midnight in Ross Sea phytoplankton 
communities (Rivkin and Putt, 1987). These taxonomical and local differences are 
.related to local environmental conditions (i.e., water-column stability and water mass 
type) as well as inherent photophysiological characteristics. For example, Moline 
and Prezelin (1997) found similar diel responses in photosynthesis between diatoms 
and prymnesiophytes obtained from the same mixing regime. However, they found 
different diel responses within the same species obtained from two different mixing 
regimes.
However, the existing studies on diel variations of photosynthesis in Antarctic 
phytoplankton are not sufficient to conclude that diel variation is a general charac­
teristic of Antarctic phytoplankton photophysiology. However, the results obtained 
in this study for diel varying photophysiological parameters suggest that this is a 
potentially important process and highlights the need for additional experimental 
studies. Until such studies are available, the results from this study should be re­
garded as theoretically-based investigations.
V.2.2.2 Effect of Spectrally-resolved Parameters
The development of spectrally-resolved cloud cover algorithms for Antarctic en­
vironments provides the ability to simulate the effect of cloud cover on the spectral 
quality of the sea surface arriving irradiance. In this study, the spectral effect of 
cloud cover at the two Antarctic sites (McMurdo Station and Palmer) and one Sub- 
antarctic site (Ushuaia) was found to be neutral over the PAR portion of the visible
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spectrum (cf. Fig. 19a, b). The spectrally-resolved irradiance field was then input 
to the primary production model. However, the spectrally-resolved irradiance field 
had little effect on simulated primary production rates (Tables 18, 22). This insen­
sitivity of the primary production model to the spectral structure of the light field 
arises because the photophysiological parameters input to the model are derived 
from experiments that use light that is averaged over the visible wavelengths (i.e., 
white light averaged). As a result, it is not possible to separate the effect of spectral 
content of the light on the photophysiology of the phytoplankton.
Improved realism of the primary production rates obtained from the bio-optical 
production model comes with inclusion of a spectrally-resolved quantum yield via 
an action spectra, a B(X). The sensitivity simulations in which an idealized action 
spectra was used produced a 3-fold difference in primary production rate over sim­
ulations that did not include this (cf. Tables 18, 22). This increase in simulated 
primary production rate is similar to what has been found for primary production 
-rates estimated using a spectrally-resolved quantum yield versus white light-averaged 
measurements (Prezelin et al., 1989; Schofield et al., 1991).
The inclusion of action spectra (cf. simulation 7 in Table 17) showed a signifi­
cant effect on the overall estimate of primary production, but produced only small 
differences in the magnitude of the rates estimated for diatom- and prymnesiophyte- 
dominated regions of the WAP (Table 18), and Ross Sea (Table 22). The effect of 
the action spectra produced about a 3-fold difference in primary production rate 
for the WAP (Table 18) and a 2-fold difference for the Ross Sea (Table 22). The 
effect of the spectrally-resolved quantum yield on the primary production estimates 
was greater for the WAP than for the Ross Sea because of the lower chlorophyll 
concentrations in the WAP, which produce a higher maximum chlorophyll-specific 
absorption coefficient, a*'liyt0(m ax) (Fig. 8). The higher a*'hyt0(m ax) value results in 
a higher action spectrum (Eq. 25) and a higher primary production rate (Eq. 22). 
Another explanation for the differences produced by including an action spectra is 
differences in the photosynthetic efficiency ( a B) between the WAP and Ross Sea. 
Differences in this quantity indicate that phytoplankton communities in the two sys­
tems experience different physical and biological conditions, such as the availability 
of micronutrients and ambient light regime (Bidigare et al., 1989; Prezelin, 1992).
The small difference in primary production rate obtained for diatoms and prym- 
nesiophytes arises because the phytoplankton absorption spectra (Fig. 7) used for
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the two algal groups are the same and because the differences in the P vs. I param­
eters measured for the two groups in the WAP (Table 16) and Ross Sea (Table 20) 
continental shelf waters were small. However, the action spectrum is related to the 
phytoplankton community and this needs to be measured and included in future 
studies of primary production in Antarctic continental shelf waters (Schofield et al., 
1990; Vernet et al., 1990; Schofield et al., 1991).
V.2.3 Generalization of Photosynthesis versus Irradiance Parameters
Parameterization of the photosynthetic characteristics needed to simulate primary 
production in terms of environmental conditions is desirable, especially for regions 
where measurements are scarce. The attempts to generalize P„iax and (Figs. 29, 
30, 37, Table 19) for the WAP and Ross Sea did not yield a clear approach for doing 
this.
A relationship between P^ax and temperature for the WAP was not apparent 
•(Fig. 29). Rather, two relationships for different temperature ranges were suggested, 
which is in contrast to the results presented in Tilzer et al. (1986) that showed a 
temperature-dependency for P^ax- Tilzer et al. (1986) derived Qio values for P^ax 
for Antarctic phytoplankton for two ranges of temperature. The first Q w  value 
of 4.2 was for -1.5°C and 2°C and light-saturated photosynthesis and the second 
value of 2.6 was for -1.5°C and 5°C and light limited condition. These results imply 
that in the Antarctic Ocean, both light-saturated and light-limited photosynthesis 
are temperature-dependent. Moreover, the mean value of PTfiax associated with a 
given temperature was three times higher than that expected from the relationship 
developed for saturating irradiances (Eppley, 1972).
The generalization of P vs. I parameters obtained for Antarctic phytoplankton 
is problematic because of the considerable seasonal and regional variability in the 
parameters and the dependency of these parameters on phytoplankton community 
composition (Rivkin and Putt, 1987; Moline and Prezelin, 1997). Even within the 
same season, variability of P vs. I parameters is large (cf. Fig. 29, Table 28). One 
possible explanation for the variability in P vs. I parameters is iron limitation. The 
maximum photosynthetic rate, P7f a1., is an indicator of iron limitation (Lindley et al., 
1995). Iron-enrichment experiments and ambient photosynthetic performance obser­
vations made during early spring and summer in Antarctic waters show a relationship 
between photosynthetic performance and iron regulation (Franck et al., 2000; Olson




Measured P vs. I parameters in the WAP and Ross Sea
Study area P BM max a 5 References
Drake Passage-Gerlache 1.1 0.06 (Holm-Hansen and Mitchell, 1991)
65°S 64°W 3.66±1.13 0.36±0.15 (Moline and Prezelin, 1997)
WAP (surface) 2.99 ±2.00 0.043±0.029 (Moline et al., 1998)
WAP (deep) 0.04-19.98 0.0-0.334
McMurdo 4.57-9.55 0.025-0.124 (Palmisano et al., 1986)
McMurdo 0.90-9.3 0.015-0.029 (Rivkin and Putt, 1987)
78°S 166°W 0.46-1.8 0.015-0.29 (Rivkin and Putt, 1988)
Ross Sea (surface) 0.23-8.01 0.006-0.204 (Van Hilst and Smith, 2002)
Ross Sea (deep) 0.71-7.45 0.04-0.32
et al., 2000). Also, the inverse relationship between photosynthetic performance 
and silicic acid found for Ross Sea phytoplankton community confirms the effect 
of iron regulation on photosynthesis (Hiscock et al., 2003). The maximum photo­
synthetic rate results from both light- and nutrient-saturation conditions. However, 
iron deficiency has been found to decrease (Berner et al., 1989; Greene et al., 
1991; Lindley et al., 1995; Hiscock et al., 2003), which suggests that the maximum  
photosynthetic rate is not only a function of temperature but also a function of mi­
cronutrients, such as iron. Thus, the inhibitory effect by iron should be included in 
the parameterization for P Bax to better estimate the primary production in Antarctic 
continental shelf waters.
The estimation of Ek from P Bax and a B for the WAP shows variations with  
season (Fig. 30, Table 19), with high values in spring and fall and low values in 
austral summer. Little difference in this parameter was found between diatom- and 
prymnesiophyte-dominated phytoplankton community in the WAP. This result cor­
responds to those reported in Claustre et al. (1997) and Moline et al. (1998). Moline 
et al. (1998) reported a value of Ek of 77 /imol photons m~2s-1 , which was de­
rived from regressions between P Bax and a B, for locations in WAP shelf waters near 
Palmer Station from 1991 through 1994. The' correspondence between P Bax and a B 
for the Ross Sea also shows variation between the spring and summer (Fig. 37), with 
higher values in the spring and lower values in summer. No significant differences 
were found for all of the P vs. I parameters from diatom- and prymnesiophyte- 
dominated regions in the Ross Sea continental shelf waters (Van Hilst and Smith,
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2002). The lower Ek value in austral summer may result from micronutrient stress 
because iron deficiency causes a reduction in Pmax (cf. Fig. 4). The lower sum­
mer value may also be explained in terms of the pigment packaging effect because 
high light conditions during the summer will reduce the size of the light-harvesting 
pigments, which will increase a 8 . The lower summer value o f Ek in the Ross Sea 
relative to the WAP value indicates different patterns in the correspondence be­
tween P 8ax and a B. This may arise if phytoplankton in the Ross Sea have a smaller 
packaging effect relative to those in WAP, as suggested by values of the maximum  
phytoplankton-specific absorption coefficient, a*hyt0(m ax) (cf. Table 7). The higher 
maximum phytoplankton-specific absorption coefficient in Ross Sea phytoplankton 
can be attributed to high-light adaptation produced by the number of cloudless day 
in the Ross Sea (Arrigo et al., 1998a), and multiple reflections between the high 
albedo surface and the bottom  of clouds (see chapter V. 1.2 and Fig. 43), both of 
which increase light intensity.
Numerous studies report the covariation of P 8ax and a 8  from measurements 
made for phytoplankton community in different parts of the world ocean (Platt and 
Jassby, 1976; Harding et al., 1982; Cote and Platt, 1983; Forbes et al., 1986; Harding 
et al., 1987; P latt et al., 1992; Claustre et al., 1997; Moline et al., 1998). However, 
consensus on the mechanisms responsible for the correspondence (covariation) of 
P 8ax and qB  Fas not been reached. Some studies suggest that the covariation is 
related to nutrient availability (Platt and Jassby, 1976; Cote and Platt, 1983; P latt 
et al., 1992). Forbes et al. (1986) suggested that phytoplankton community struc­
ture plays a major role through taxonomic variability in photoadaptive responses of 
the phytoplankton which yields ^-independent changes in P 8ax and a 8 . Claustre 
et al. (1997) also suggested that taxonomical changes are responsible for the E k- 
independent variability and that this accounted for differences in P vs. I parameters 
in diatoms and cryptophyte populations in WAP coastal waters. Overall, diatoms 
had higher biomass and higher P 8ax and a 8  values than did cryptophytes. However, 
the results of this study indicate that diatom- and prymnesiophyte-dominated areas 
had little difference in the relationship and magnitude of P 8iax and a 8  (Tables 16,
19).
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V.3 BUDGETS
V.3.1 General Characteristics of Results in the West Antarctic Penin­
sula
Advective process controlled the fate of the simulated primary production carbon 
in WAP continental shelf waters in all seasons, and the effect of advection was 
more significant during the non-growing seasons (fall, winter and spring) (Fig. 41, 
Table 24). Comparisons between the different shelf regions show that the outer- 
slielf area of the WAP was dominated by across-shelf advection; whereas, the fate of 
primary production in the inner- and mid-shelf areas was more controlled by sinking 
and grazing (Fig. 41, Table 24).
As discussed in chapter V.2.1, the differences in rates of primary production and 
chlorophyll concentration in the W AF and Ross Sea may be largely attributed to 
differences in the circulation characteristics of the two regions. The larger overall 
contribution of advection to the fate of the simulated daily primary production 
(Table 24) and the higher magnitude of advection in the inner- and mid-shelf regions 
of the WAP continental shelf waters (1-600 mg C m -2 d-1 , see chapter V.3.3) relative 
to those estimated for the Ross Sea imply that flushing of the WAP continental 
shelf contributes to reduced retention times for chlorophyll biomass, which results 
in overall lower primary production rates. Using simulated circulation distributions, 
the flushing times for the Ross Sea and WAP region were estimated to be 12.4 years 
(Dinniman and Klinck, in press) and 30.4 years (Dinniman et al., 2003), respectively. 
These different flushing times support the conclusions from this study that advection 
is the primary process controlling chlorophyll biomass in the two regions, and hence 
primary production.
Grazing by Antarctic krill and the salps was not a major control on the simulated 
primary production in WAP continental shelf waters except for the summer season 
(Fig. 41, Table 24) when the phytoplankton biomass was maximum (cf. Eq. 29). 
However, the maximum removal by zooplankton grazing in summer was only 1.5% 
of the primary production carbon, which is three to four times smaller than the 
contributions from advection and sinking during the same season (Table 24). The 
percent removal of daily primary production estimated from this study is within 
the range of values, 0.1 to 6.7%, reported for the South Shetland Islands region 
of the WAP (Drits and Pasternak, 1993). Grazing removal during other seasons
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did not exceed 0.3% (Table 24), which is at the lower end of values (0.1 to 5.5%) 
reported for the Elephant Island region during spring (Drits and Semenova, 1989). 
The maximum grazing removal estimated from this study is, however, much smaller 
than the 1 to 10% of daily primary production reported by Huntley et al. (1989) 
for the Antarctic Peninsula region. This discrepancy is likely due to differences in 
the grazer biomass and food concentration (chlorophyll) used in the Huntley et al. 
(1989) study and this study. For example, grazer biomass in WAP continental shelf 
waters can vary more than an order of magnitude within and between seasons (Ross 
et al., 1998; Lascara et al., 1999) and chlorophyll biomass concentrations can change 
by a factor of 3 (Table 16). Seasonal and interannual variations in Antarctic krill 
biomass seem to be related to larger scale environmental factors, such as changes 
in sea ice concentration, which affect food availability and predation pressure, and 
oceanic circulation patterns, which affect recruitment success. Also, grazing rates of 
Antarctic krill are usually expressed as a function of food concentration (cf. Eq. 29). 
However, grazing rates can differ depending on physiological state, season, and the 
quality and quantity of food (Kato et al., 1982; Schnack, 1985; Helbling et al., 1992).
Sinking was an important process during summer and fall, which indicates that 
sinking is related to biological production in the upper water column during the 
growing season (Fig. 41, Table 24). The high sinking fluxes in summer and fall 
removed up to 6 and 4% of the primary production carbon, respectively (Table 24). 
The maximum value (summer) is higher than the minimum value (winter) by an 
order of magnitude over the WAP continental shelf region (Table 24). As a com­
parison, the contribution of total POC flux to primary production measured in the 
Gerlache Strait region of the WAP ranged from 7 to 43% between November and 
March (Karl et al., 1991; Mitchell and Holm-Hansen, 1991b). These values represent 
total POC, so the contribution of phytoplankton carbon to the flux will be smaller 
than these values. Assuming the phytoplankton carbon is 50% of the total POC flux, 
reduces the percent removed by sinking to 3.5 to 21.5%. Carrillo and Karl (1999) 
calculated that the exported carbon production from the upper water column (0-100 
in) to be 4% of the daily primary production in the northern Gerlache Strait region 
of the WAP. The removal of daily primary production by sinking for the inner-shelf 
area estimated from this study area was between 2 to 6% (Table 24), which is at the 
lower end of values estimated from direct observations (Karl et al., 1991; Mitchell 
and Holm-Hansen, 1991b; Carrillo and Karl, 1999).
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V.3.2 General Characteristics of Results in the Ross Sea
Zonal advection and sinking were important processes controlling the fate of the 
simulated primary production carbon in the Ross Sea continental shelf water during 
all seasons (Fig. 42, Table 25). Comparisons between the different zones of the Ross 
Sea show that the outer-shelf was dominated by advective process; whereas, sinking 
was more dominant at the inner- and mid-shelf areas. However, the overall magni­
tude of sinking was much smaller than that of advection by an order of magnitude 
(Fig. 42, Table 25). Interestingly, previous studies of carbon fluxes on the Ross Sea 
continental shelf (Asper and Smith, 1999; DiTullio et a l ,  2000; Asper and Smith,
2003) have not considered horizontal advective fluxes of carbon. Rather, vertical 
sinking was considered to be major process controlling phytoplankton carbon bud­
gets. However, in this study horizontal advection as well as sinking were found to be 
primary processes controlling phytoplankton carbon flux (Fig. 42, Table 25). Some 
support for horizontal advection being an important process in Ross Sea carbon 
fluxes is provided by Jaeger et al. (1996) who suggested that advective processes in 
the northern Ross Sea may be an important part of a carbon budget.
Grazing by crystal krill was not a major control on the simulated primary pro­
duction relative to zonal advective process and sinking (Fig. 42, Table 25). The 
maximum grazing removal by crystal krill occurred in summer (cf. Table 25, January 
1997), contributing no more than 2.5% of the daily primary production carbon. This 
is an order of magnitude smaller than the contribution from advection and sinking 
during the same season (Table 25). The grazing removal of summer daily primary 
production carbon estimated in this study ranged from 0.1 to 2.4% for the Ross Sea 
continental shelf region. This range is similar to  the range of carbon removal of 0.06- 
1.12% estimated for non-swarming crystal krill on the continental shelf of the Indian 
Ocean sector of the Southern Ocean (Pakhomov and Perissinotto, 1996). However, 
swarming crystal krill can remove up to 14 to 97% of daily primary production 
(Pakhomov and Perissinotto, 1996), which is higher than the grazing removal rates 
estimated in this study. The maximum density of crystal krill used in this study 
(4705 individuals (1000 in)-1 ) can remove only 12% of the daily primary production, 
which is still lower than the values reported by Pakhomov and Perissinotto (1996). 
Including the density of crystal krill, as might occur for swarming conditions, would 
increase the percent of daily primary production carbon that is removed by grazing.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
132
However, these grazing conditions do not persist for long times and are not repre­
sentative of average grazing conditions. The values estimated in this study are best 
regarded as average estimates.
Sinking was a dominant process removing daily primary production during sum­
mer and fall in the Ross Sea (Fig. 42a, b, Table 25), but not for spring (Fig. 42c, 
d, Table 25). The highest sinking flux, which occurred in April 1997, could remove 
up to 220% of the daily primary production, which implies a significant reduction 
in daily primary production in the early winter season. Sinking resulted in a factor 
of 4 removal of phytoplankton carbon flux from 218 mg C m-2 d-1 to 50 mg C m-2 
d-1 between January and April 1997. However, the corresponding reduction in daily 
primary production was an order of magnitude. This abrupt decrease in the daily 
primary production underlies the maximum sinking removal in April.
Nelson et al. (1996) calculated that 40% of the daily primary production in the 
Ross Sea can be exported from the upper 50 m to depth between the spring and 
summer seasons. The maximum removal by sinking estimated in this study is 19% 
(at 150 m), which is smaller than the estimates obtained by Nelson et al. (1996). 
However, the organic carbon exported from the euphotic zone (around 50 m) is 10 
times greater than that exported from the upper 250 m due to remineralization pro­
cesses that occur between 50 and 250 m (Nelson et al., 1996). Thus, the differences in 
percent removal by sinking obtained from sediment traps and that estimated from 
this study may result from differences in the depths used to make the estimates. 
Additionally, large differences in sinking magnitude can be obtained from sediment 
trap observations collected at the same depth which arise from a variety of processes 
(Collier et al., 2000; DiTullio et al., 2000). Thus, the differences between the ob­
served sinking removal and that estimated from this study may result from other 
factors and as a result may not necessarily reflect true differences.
V.3.3 Comparison between the West Antarctic Peninsula and the Ross 
Sea
Comparisons of the contribution, of advection, grazing, and sinking controlling 
the fate of the simulated primary production carbon in the WAP and Ross Sea con­
tinental shelf water for all seasons (Tables 24, 25), shows similarities and differences 
in the carbon flux in the two systems. Both regions are strongly dominated by hori­
zontal advection in all seasons (Figs. 41, 42), with the outer-shelf region (cf. Fig. 13
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Table 29
Comparison of the magnitude of advective, grazing and sinking process on the fate of 
daily primary production for all seasons for the WAP and Ross Sea (bold numbers) 
continental shelf waters (cf. Fig. 13 for Ross Sea). All values are vertically integrated 
from the surface to 120 m and 150 m for the WAP and the Ross Sea, respectively. 
Units are in mg C m-2 d-1 and negative values represent losses. Grazing rates for 
the Ross Sea in April 1997 and October 1996 are not available. The same grazing 
rates, obtained by Sala et al. (2002) from December through February, were used for 
December 1995 and January 1997 season in this study. Sinking fluxes in the WAP 
were collected from one sampling site in the mid-shelf area (cf. Table 10)
Process Shelf area Jan93(Jan97) M ar93(Apr97) A ug93(O ct96) N ov91(D ec95)
Advection Inner -0.79 (-8.6) 75.2 (0 .012) -65.9 (2 .2) 592.2 (5 .8)
Mid 28.2 (62.6) 134.2 (-0 .78) -15.9 (7.0) 153.8 (56 .6 )
Outer 58.6 (-718) 150.3 (-68 .78) 18.5 (-129 .1 ) -64.6 (-168 .0 )
Grazing Inner -9.6 (-22 .5) -5.4 (N A ) NA (N A ) -1.8 (-22 .5 )
Mid -20.6 (-30 .6) -0.2 (N A ) 0.0 (N A ) 0.0 (-30 .6 )
Outer -0.4 (-4.2) -4.6 (N A ) 0.0 (N A ) -0.6 (-4 .2)
Sinking Inner -78.4 (-82 .6) -17.5 (N A ) -0.18 (-13 .3 ) -31.5 (-45 .5 )
Mid -78.4 (-217 .6) -17.5 (-49.3) -0.18 (-0 .4) -31.5 (-22 .4 )
Outer -31.3 (-71.3) -7.0 (-31.3) -0.07 (-9 .9) -12.6 (-32 .1 )
for Ross Sea) more controlled by across-shelf advection in the two systems. Grazing 
removal by macrozooplankton was higher during summer than in other seasons for 
the two regions, but the magnitude of the contribution of this process to removal of 
the daily primary production was not major (Tables 24, 25). Sinking was a major 
factor (up to 220%) controlling removal of primary production carbon in the Ross 
Sea. This process was less of a factor for WAP waters, but was important in the 
inner- and mid-shelf regions in spring and fall. The high summer sinking flux re­
sults from increased biological production that occurs in the inner-shelf during the 
summer and the high flux in the fall is the result of the high summer production.
The relative contribution of each process to the fate of the daily primary produc­
tion can be used to highlight differenpes and similarities in carbon budgets for the 
WAP and Ross Sea continental shelf waters (Table 29). The magnitude of horizontal 
advection in the outer-shelf was overall higher in the Ross Sea (cf. Fig. 13) than in 
the WAP (Table 29). In contrast, horizontal advection in the mid- and inner-shelf 
regions was larger in the WAP than in the Ross Sea (Table 29), which indicates that
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phytoplankton accumulation is likely in the inner- and mid-shelf area of the Ross 
Sea (cf. Fig. 13). Higher primary production rates and chlorophyll biomass concen­
trations were found in the Ross Sea during summer (Table 20) than in the WAP 
(Table 16). For the Ross Sea, sinking can at times be as important as horizontal 
advection in determining the fate of daily primary production.
Removal of daily primary production by macrozooplankton grazing contributed 
more to the fate of phytoplankton carbon in the Ross Sea than in WAP continental 
shelf waters (Table 29). This suggests that the higher food concentration possibly 
supports a grazer biomass in the Ross Sea that is higher than that in WAP waters. 
Thus, the effect of macrozooplankton grazing on the fate of phytoplankton carbon 
is deserving of additional study. For example, including additional zooplankton 
grazers that are found in the Ross Sea (Smith and Schnack-Schiel, 1990; Pakhomov 
and Perissinotto, 1996) will increase the estimated phytoplankton carbon loss to 
grazing.
Removal of primary production carbon via sinking is an important process con­
trolling the fate of this carbon in the inner- and mid-shelf regions of the WAP and 
the Ross Sea (cf. Tables 24, 25). Sinking fluxes in the Ross Sea were larger in all 
seasons (Table 29), which suggests that this is an important transport pathway for 
carbon in this system relative to the WAP continental shelf.




V I.l SIMULATION OF SURFACE IRRADIANCE
Comparisons between simulated and observed irradiances for one Subantaretic 
and two Antarctic sites were done to assess existing cloud cover correction algo­
rithms in an attempt to develop an approach for estimating surface irradiance fields. 
The coefficient sets [A  and B) derived for power function cloud cover correction 
algorithms for the three sites had smaller ranges of coefficient values than those ob­
tained for mid latitudes, which indicates the influence of multiple reflections between 
the bottom of clouds and the high surface albedo. The coefficient sets derived in this 
study showed regional variations and no spectral dependency of the coefficient sets 
was found for wavelengths >  330 nm, which implies that the spectral effect of cloud 
cover is neutral over the range of PAR. The regional dependency of the coefficient 
sets over the range of PAR provides an approach for extending cloud cover correction
algorithms to other areas of the Antarctic.
The application of satellite-based cloud cover measurements to estimate surface 
irradiance, especially, at high latitudes where it is difficult to distinguish between 
cloud and ice cover signals, is limited. Also, the limited time span of satellite- 
derived irradiance measurements, about two decades, makes it difficult to use these 
with historical biological data sets to estimate quantities such as primary production. 
The present study, which uses a RT model with a cloud cover correction algorithm, 
provides an approach for obtaining irradiance fields prior to the satellite era. It is 
also an approach for validating satellite-derived irradiance fields.
More accurate estimation of UV-B by the RT model is needed to study environ­
mental issues associated with increased UV radiation over Antarctica resulting from 
ozone depletion. Also, the multiple reflection effect between the bottom  of the cloud 
and high albedo surfaces needs to be included to improve the cloud cover correction 
algorithms and RT model simulations. Inclusion of wavelength-dependent albedos 
for different surfaces, such as open ocean, old and new snow, and ice types, in the 
RT model will improve the skill of the model at high latitude coastal sites. Inter­
calibration between sites and between land-based and satellite-based observations is 
important to remove ambiguity in measurements. Removal of the ambiguity in the
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signals coming from both the ground with high albedo surface and the top of the 
cloud will allow the remotely assessed albedo and cloud information to be used for 
more accurate estimates of surface radiant fluxes at a large scale.
VI.2 SIMULATION OF PRIMARY PRODUCTION
A bio-optical production model that includes a spectrally resolved light field was 
developed for estimation of primary production in WAP and Ross Sea continental 
shelf waters. The underwater light field obtained with the bio-optical model agreed 
to within 13 to 40% with light measurements made in WAP continental shelf waters 
and to within <  40% for measurements from the Ross Sea. These comparisons 
indicate that the optical properties of the marine constituents included in the bio- 
optical model were properly estimated, and that the normalized absorption spectra 
used in the bio-optical model is applicable to the Antarctic coastal waters mainly 
dominated by diatoms and prymnesiophytes (i.e., Phaeocystis).
Little difference in simulated primary production estimates was found when 
spectrally-neutral versus spectrally-resolved cloud cover algorithms were used with  
the RT model to obtain the surface irradiance field, which suggests that the effect of 
clouds is neutral in affecting primary production on the WAP and the Ross Sea con­
tinental shelf. Consideration of the spectral effect of cloud cover made less than 15% 
difference in the simulated primary production for the two study regions because of 
the neutral spectral effect and because the bio-optical production model does not in­
corporate spectrally-resolved photophysiology (e.g. quantum yield). This is further 
supported by the results of the sensitivity analyses which showed that primary pro­
duction may be underestimated by a factor of 3, if spectral properties of the quantum  
yield (a(A)) are not considered. Thus, more accurate measurements of photosyn­
thetic action spectrum for natural phytoplankton populations in the WAP and Ross 
Sea continental shelf waters should be obtained from more laboratory-based and 
ship-based experiments. Also, the constructed action spectrum based on observa­
tional studies should be incorporated into bio-optical primary production models for 
more realistic estimates of the primary production. The spectrally-resolved cloud 
cover correction algorithm derived in this study, resulted in a 43% reduction in 
surface irradiance for overcast conditions relative to clear sky conditions. Actual 
cloudiness conditions measured for the WAP produced only 7 to 15% reduction in 
primary production integrated over the euphotic zone. A 2% reduction in primary
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production was produced using cloud climatology for the Ross Sea. The enhanced 
irradiance due to clear sky conditions does not produce a large increase in primary 
production calculated for the WAP and Ross Sea due to photoinhibition effects.
D iel periodicity of the P vs. I parameters that included depth-varying amplitudes, 
resulted in a significant difference (130%) in estimated daily primary production in 
the WAP and Ross Sea continental shelf waters. This indicates that temporal vari­
ability in photosynthetic parameters greatly influences estimation of primary pro­
duction, which suggests the need to increase the temporal resolution of sampling 
to better understand the short-term photophysiological variability of phytoplankton 
and underlying mechanisms. Also, inclusion of accurate descriptions of photophysio­
logical variability and diel oscillations in bio-optical production models is important 
in obtaining realistic estimates of daily primary production.
No significant relationship between the P  vs. I parameters and temperature mea­
sured in WAP and Ross Sea continental shelf waters was found in this study. An 
implication of this result is that parameterization of the photosynthetic parameters 
with respect to environmental factors, such as temperature, requires considerably 
more investigation into the subtle relationships between cell physiology and envi­
ronmental conditions. For example, parameterization of maximum photosynthetic 
rate, P £ax) which sets up the upper threshold of carbon synthesis, requires inclusion 
of micronutrient stress.
VI.3 FATE OF PRIMARY PRODUCTION
The analysis of the fate of primary production carbon provides comparisons of 
the physical and biological processes that control this flux in the WAP and Ross 
Sea regions. These results provide the basis for future studies directed at developing 
generalized models for estimating the fate of primary production in Antarctic coastal 
waters.
Horizontal advection was found to be the most dominant process controlling the 
fate of primary production in WAP continental shelf waters in all seasons, with a 
larger effect in the outer-shelf region. Sinking removal was the second most dominant 
process controlling the fate of primary production in WAP continental shelf waters, 
particularly, during summer and fall. Grazing removal by Antarctic krill and salps 
was found to be an important process in the summer, but the magnitude of the 
process was smaller than that of advection and sinking in WAP shelf waters.
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Zonal advection was the most influential process on the fate of primary produc­
tion in Ross Sea continental shelf waters in all seasons. Sinking removal was also 
as dominant process as the advective process in controlling the fate of primary pro­
duction in Ross Sea shelf waters. Grazing removal by crystal krill on the Ross Sea 
continental shelf was the important process in summer, but the magnitude of the 
process was an order of smaller than that of advection and sinking.
The significant effects of advection on the fate of primary production in the outer 
continental shelf waters of the WAP and Ross Sea imply that: 1) upper water- 
column (surface to 150 m) horizontal advective flow is as important as intrusions 
of UCDW  (below 150 m) onto the shelf in controlling biological production, and 2) 
variations in surface wind forcing, such as fluctuations in the westerlies (Naganobu 
et al., 1999) that may arise from climate change, can result in changes in retention 
of phytoplankton, which affects primary production in the two systems.
The importance of the sinking to the fate of primary production in the inner- and 
mid-shelf areas of the WAP and in Ross Sea continental shelf waters suggests that 
this is a major carbon flux pathway that may be equal to export production from 
fecal pellet sinking. High sinking rates of phytoplankton cells (e.g. diatoms) that 
result from silicification of cells due to iron limitation can be an important force 
driving the silicate pump in Antarctic coastal waters (Dugdale et al., 1995; Dugdale 
and Wilkerson, 1998; Hutchins and Bruland, 1998). Also, high sinking rates of intact 
phytoplankton cells in nearshore coastal areas is potentially important in recruit­
ment of phytoplankton to the carbon pool in the following year via resuspension of 
dormant cells (spores), as suggested by (Bodungen et al., 1986).
The grazing removal by macrozooplankton in the late spring to summer in the 
inner- and mid-shelf areas of the WAP and Ross Sea continental shelf waters suggests 
that this process can be important during the growing season in Antarctic coastal 
waters. The small magnitude of grazing losses, relative to advective flows in the 
two systems, does not necessarily imply that grazing is insignificant. Grazing can 
be an important local process in the carbon flux budget and better resolution of the 
grazing biomass and rates over a range of space and time scales is needed.
The significant influence of advection on the fate of primary production in WAP 
and Ross Sea continental shelf waters suggests that accurate estimates of primary 
production for these regions need to include the influence of a space and time varying 
circulation. The implication of this finding is that estimates of primary production
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for Antarctic coastal waters need to be made using coupled circulation-bio-optical 
models that include chlorophyll distributions that evolve in space and time. This 
type of modeling framework is needed to examine the fate of primary production in 
Antarctic coastal waters for the range of scenarios that are suggested for this region 
as a result of climate change.
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